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ABSTRACT  
   
Impact cratering has played a crucial role in the surface development of the inner 
planets. Constraining the timing of this bombardment history is important in 
understanding the origins of life and our planet’s evolution. Plate tectonics, active 
volcanism, and vegetation hinder the preservation and identification of existing impact 
craters on Earth. Providing age constraints on these elusive structures will provide a 
deeper understanding of our planet’s development. To do this, (U-Th)/He 
thermochronology and in situ 40Ar/39Ar laser microprobe geochronology are used to 
provide ages for the Haughton and Mistastin Lake impact structures, both located in 
northern Canada. 
While terrestrial impact structures provide accessible laboratories for deciphering 
Earth’s impact history, the ultimate goal for understanding the history of the reachable 
inner Solar System is to acquire robust, quantitative age constraints for the large lunar 
impact basins. The oldest of these is the South Pole-Aitken basin (SPA), located on the 
lunar farside. While it is known that this basin is stratigraphically the oldest on the Moon, 
its absolute age has yet to be determined. Several reports released in the last decade have 
highlighted sampling and dating SPA as a top priority for inner Solar System exploration. 
This is no easy task as the SPA structure has been modified by four billion subsequent 
years of impact events. Informed by studies at Mistastin – which has target lithologies 
analogous to those at SPA – sampling strategies are discussed that are designed to 
optimize the probability of a high science return with regard to robust geochronology of 
the SPA basin.  
 iii 
Planetary surface missions, like one designed to explore and sample SPA, require 
the integration of engineering constraints with scientific goals and traverse planning. The 
inclusion of in situ geochemical technology, such as the handheld X-ray fluorescence 
spectrometer (hXRF), into these missions will provide human crews with the ability to 
gain a clearer contextual picture of the landing site and aid with sample high-grading. 
The introduction of hXRF technology could be of crucial importance in identifying SPA-
derived melts. In addition to enhancing planetary field geology, hXRF deployment could 
also have real implications for enriching terrestrial field geology. 
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 CHAPTER 1 
INTRODUCTION 
1.1. Introduction 
 Impact cratering has played a crucial role in the development of the inner Solar 
System. From planetary accretion early in our planet’s history to the beginning and 
evolution of life (including supposed links to mass extinction events), the bombardment 
history of our planet has been a major driving force in shaping Earth’s surface. We see 
evidence of this continued bombardment not only on our planet, but also more 
extensively on the surfaces of the other inner planets and on Earth’s Moon. While the 
surface of Earth is continually resurfaced due to plate tectonics, active volcanism, 
erosion, and biological activity, the Moon’s surface is relatively undisturbed, providing 
an untouched and relatively accessible (when compared to Mars or any other inner 
planet) surface with which to study the past four billion years of impact events. Using 
identified terrestrial impact structures as a test bed for development of robust dating 
techniques is of paramount importance if we hope to apply these lessons to chronologic 
studies of lunar craters. In addition to developing the techniques used to date these 
structures, sampling strategies must be determined. Terrestrial craters are relatively easy 
to interpret, as they have not been overprinted by subsequent impact events. It should be 
noted that terrestrial structures can be thermally overprinted by other events (i.e. orogenic 
processes, volcanism, etc.). However, this dissertation deals only with terrestrial 
structures with no evidence of major post-impact thermal events that compromise the 
chronologic dataset presented in the dissertation. Testing sampling strategies and sample 
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 high-grading technologies on these relatively simple structures must be completed before 
we can hope to apply these same technologies to complex extraterrestrial surfaces. 
There are currently 184 confirmed impact structures that have been identified on Earth’s 
surface (Earth Impact Database, accessed March 2014). This limited number makes 
studying and thoroughly understanding those structures that we can access even more 
important. In Chapter 2 of this dissertation, I examine one of these preserved structures 
(the Haughton impact structure, located in Labrador, Canada) using the (U-Th)/He low-
temperature thermochronometer. Two studies published in the 1980’s argue for an impact 
age for Haughton of approximately 23 Ma (Omar et al., 1987; Jessberger, 1988) based on 
apatite fission track dating and whole rock 40Ar/39Ar analysis, respectively. This was the 
established age for the structure until subsequent in situ 40Ar/39Ar work was published 
arguing for an older, ca. 39 Ma, age (Sherlock et al., 2005). Engaging a new application 
of the established (U-Th)/He technique, I provide a new perspective on this age 
discrepancy. In addition to examining the age of the structure, I present thermal modeling 
results designed to investigate the thermal resetting of three chronometers ((U-Th)/He, 
40Ar/39Ar, and U-Pb) in an impact environment (Young et al., 2013). These results have 
implications for best practices in selecting dateable phases from impactites. 
Chapter 3 of this dissertation examines the Mistastin Lake impact structure, recognized 
as an analog for the high priority lunar South Pole-Aitken Basin due to its similar target 
lithologies (primarily anorthosite with lesser amounts of mangerite and granodiorite). 
While the Haughton event produced only minor quantities of impact melt, extensive melt 
deposits can be found throughout the Mistastin structure. I present results on dating the 
structure using both (U-Th)/He thermochronology and in situ 40Ar/39Ar laser ablation 
2
 geochronology. I show (U-Th)/He data for zircons isolated from granodiorites collected 
from two sites on the crater rim; from mangerite collected from the rim, the central uplift, 
and from an outcrop located approximately 200 m from the nearest melt deposit; and 
from two impact melt deposits (Cote Creek near the western edge of the structure and 
Discovery Hill, located near the southern shore of Lake Mistastin). Ages from each of 
these populations are discussed separately before the (U-Th)/He age of the structure as a 
whole is discussed. In addition to sampling for (U-Th)/He thermochronologic analysis, 
impact melt samples were also collected for in situ 40Ar/39Ar analysis. Eighty-eight laser 
spots were ablated into six melt sections. Using these data, I propose an in situ 40Ar/39Ar 
age for Mistastin. 
 The National Research Council (NRC) has funded several studies over the last 
decade aimed at identifying the highest priority science and exploration goals for the 
inner Solar System. The Scientific Context for Exploration of the Moon (2007) and the 
most recent Planetary Decadal (2011) both highlight the importance of Earth’s Moon in 
investigating the cratering history of our planet. Specifically, providing robust age 
constraints for this history is identified as a top priority. Lunar impact chronology is used 
to calibrate crater counts for other planetary surfaces and, in order to tie this lunar history 
to specific basin-forming event ages, the community must identify samples from each of 
these basin events for which precise age determinations can be made. The South Pole-
Aitken Basin (SPA) is the oldest of the lunar impact basins (deduced using stratigraphic 
relationships). Determining the precise timing of this event is a high priority if we hope to 
tightly constrain the lunar impact history. This is no easy task, however, due to the four 
billion years of impact events that obscure the SPA structure. SPA-derived melts must be 
3
 identified that have not been thermally reset by these younger events. Chapter 4 of this 
dissertation addresses the development of sampling strategies for identifying these SPA 
melts and discusses potential protocols for applying the in situ 40Ar/39Ar laser microprobe 
technique to dating them. 
 Planning a planetary surface mission designed to sample and date SPA will 
include not only refining the technologies needed to provide a date for any returned 
samples (discussed in Chapter 2 and especially Chapter 3) and developing sampling 
strategies for collection locations (Chapter 4) but will also need to include developing 
technologies designed to high-grade samples on the surface in order to decide which 
samples should be returned to Earth. In Chapter 5, I discuss the utility of incorporating a 
handheld X-ray fluorescence spectrometer (hXRF) into planetary surface exploration. In 
just one minute, the hXRF gives information about the concentrations of the major 
element oxides (excluding Na), information that traditionally requires work in a 
laboratory over several days (including sample preparation time) to obtain. This increased 
awareness of outcrop geochemistry could have real implications for a human crew or a 
rover in their ability to understand the geologic history of a region in real-time during site 
exploration. This technology could also have implications in conducting terrestrial field 
geology. Logistics of using this technology, calibrations of the instrument against 
terrestrial sample standards, and application of the instrument to extraterrestrial samples 
are discussed here, along with lessons learned for operating the hXRF. 
 Finally, Chapter 6 highlights important conclusions from the dissertation and 
examines the way forward for similar, complementary studies. 
 
4
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 CHAPTER 2 
IMPACT THERMOCHRONOLOGY AND THE AGE OF HAUGHTON IMPACT 
STRUCTURE, CANADA 
 
2.1. Abstract 
Most successful efforts to determine the ages of impact events are based on the 
isotope geochronology of crystalline or glassy impact melts. Studies of impact sites on 
Earth show that many form without significant melt production, meaning that traditional 
geochronologic approaches can yield unsatisfying results. We describe here an alternative 
approach based on theoretical calculations that even brief thermal events related to 
impact can reset the isotopic systematics of unmelted target rocks. Thermochronometers 
based on the production of radiogenic 4He in accessory minerals are particularly 
amenable to complete resetting by impact and should yield robust impact ages if helium 
systematics are not further disturbed during post-impact thermal events. We illustrate the 
utility of this method through a presentation of a new zircon (U-Th)/He date for the 
Haughton impact structure, Canada, of 23.5 ± 2.0 Ma.   
 
2.2. Introduction 
Bolide impact is among the most important planetary surface processes in the 
inner Solar System, but the precise and accurate radiometric dating of impact sites 
remains challenging. Only about 30% of the 183 confirmed impact structures on Earth 
have been dated with precisions of ≤ 10% (PASSC Earth Impact Database, 2013). Most 
reliable ages are based on U-Pb or 40Ar/39Ar isotopic methods as applied to impact glass 
6
 or neoblastic minerals from crystallized impact melts. However, many impact events are 
too small to have produced significant amounts of impact melt and are thus not tractable 
for geochronology of melt products. Here we explore an alternative approach to impact 
dating based on the resetting of isotopic clocks in target rocks due to rapid, impact-
related heating. Many isotopic thermochronometers are susceptible to partial or complete 
resetting during meteorite impacts, especially those for which the radiogenic isotope is a 
noble gas such as 4He or 40Ar. We report here an application of the (U-Th)/He zircon 
thermochronometer to samples from the Haughton impact structure in northern Canada, 
with results that suggest a 23.5 ± 2.0 Ma age for the impact at the ca. 95% confidence 
level. 
The thermal evolution of an impact structure has three stages. The first and 
second comprise catastrophic thermal events directly related to the impact, referred to 
here as the contact/compression and excavation stages (Melosh, 1989); the third stage 
involves post-event mineral alteration or metamorphism. The contact/compression stage 
refers to the actual impact of a bolide, an event lasting on the order of 0.1 to 1 second. At 
the point of contact, some target rocks may be superheated to temperatures of 10,000 ˚C 
to 15,000 ˚C (Melosh, 2013). Heating occurs over a broader area during the excavation 
stage as the shock energy propagated into the target is released by decompression (Grieve 
et al., 1977). Target temperatures during this stage are highly variable across an impact 
site, but likely range from ca. 500 ˚C to at least 2,000 ˚C over timescales of no more than 
a few minutes (Keil et al., 1997; Ferrière and Osinski, 2013). Finally, large impacts on 
hydrous planets frequently trigger the development of local hydrothermal systems 
(Abramov and Kring, 2004), and related metamorphism (typically at temperatures 
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 ranging from 100-500˚C over timescales of 1 kyr to 3 Ma), represents a possible third 
stage in the thermal evolution of an impact structure (Kirsimäe and Osinski, 2013).  
While the temperatures obtained during the contact/compression and excavation 
stages are sufficient to cause melting in the target area, the amount of melt produced and 
preserved at an impact structure scales with crater dimension, and the proportion of target 
rock clasts within an impact melt sheet decreases with the volume of melt produced 
(Grieve and Cintala, 1977). This means that large impact sites are more straightforward 
to date isotopically than small ones as the melt products suitable for sampling are more 
abundant, and there is less contamination of those samples by unmelted xenocrysts or 
xenoliths that could complicate the robust interpretation of geochronologic data. 
However, there is good empirical evidence that isotopic clocks in the minerals of 
unmelted target rocks that experienced high degrees of shock metamorphism can be reset 
(Spray et al., 1999; Min et al., 2004; Schwenzer et al., 2008; Moser et al., 2011). This 
provides an alternative ‘thermochronometric’ approach to impact dating.  
 
2.3. Thermal Modeling 
The science of thermochronology traditionally deals with establishing the 
temperature at which mineral-isotopic systems become effectively closed to daughter 
isotope loss as a consequence of cooling. The mathematics of this calculation – based on 
laboratory-determined diffusion properties, diffusion dimension, and cooling rate – were 
established by Dodson (1973). However, ‘closure temperatures’ are not the same 
temperatures at which mineral-isotopic systems are reset due to heating, which is the case 
of interest here. We explore the resetting phenomenon in a quantitative way using 
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 Equation 27 of Watson and Cherniak (2013), which describes the diffusive response of a 
mineral grain – here in terms of radiogenic daughter loss – to a parabolic T-t path defined 
by a maximum temperature (Tmax) and an event duration (t). We have reproduced 
Equation 27 here. 
log! = log D0"a2
!
"#
$
%&
+
140
T max '
0.437Ea
RT max ' 0.8  
In this equation, D0 and Ea refer to the pre-exponential constant and the activation 
energy in the Arrhenius law of diffusion, R is the gas constant, and ζ is a value that is 
uniquely related to the total fractional loss from the crystal (for more details see Watson 
and Cherniak, 2013). For the present study, the Watson-Cherniak approach was 
confirmed to give reasonably accurate results even for very brief but intense thermal 
pulses (for more details on this approach and its validity in this study, see the 
Supplementary Materials). In the present application, we define a resetting threshold as 
the loss of 99% of the radiogenic daughter isotope that had accumulated in a crystal prior 
to the heating event. Figure 1a is a plot of resetting threshold curves for a variety of 
commonly used thermochronometers. Values of Tmax and t to the right of a curve 
correspond to conditions under which the chronometer would be expected to be reset by 
impact heating and thus would record the age of impact, barring subsequent disturbance 
of the isotopic systems by unrelated heating events. Superimposed on the plot are 
established log (Tmax) – log (t) ranges for the contact/compression, excavation, and 
hydrothermal stages in the thermal evolution of impact structures.  
For the geologically brief intervals of heating associated with impact, the 
maximum temperatures necessary to reset the chronometers in Figure 1 range over 
9
 hundreds to thousands of degrees. Most minerals in target rocks subjected to extreme 
temperatures during the contact/compression stage would be expected to have their 
isotopic clocks completely reset, assuming the stage was brief enough that the minerals 
could persist metastably at temperatures far above their nominal melting points. In rocks 
subjected to heating at lower temperatures and for slightly longer periods during 
excavation, several of the thermochronometers shown in Figure 1a would be reset. 
However, the zircon and titanite U-Pb and the biotite and muscovite 40Ar/39Ar 
chronometers are not likely to be reset unless the pre-impact minerals dynamically 
recrystallized during the shock event, a phenomenon that has been documented for zircon 
at the Vredefort impact site in South Africa (Moser et al., 2011). The comparatively long 
duration of hydrothermal activity (denoted by the height of the upper grey box in Figures 
1a and b) requires that most of the chronometers, excluding the U-Pb systems, would be 
reset if temperatures of several hundred degrees Celsius were attained. However, the 
lifetimes of post-impact hydrothermal systems are frequently less than the 95% 
confidence interval (i.e. the uncertainty) for thermochronometric dates, such that the 
apparent ages of a chronometer reset by hydrothermal activity often would be statistically 
indistinguishable from the age of impact. We conclude that the thermochronometry of 
pre-impact minerals in the target region is a valuable tool for dating impact events. 
Chronometers plotting farthest left in Figure 1a – feldspar 40Ar/39Ar and zircon, titanite, 
and apatite (U-Th)/He – should be the most generally useful chronometers for small 
impact structures where target heating is of limited extent. This study engages the use of 
(U-Th)/He thermochronology due to the system’s low resetting temperature and ability to 
date events of varying ages. It should be noted that (U-Th)/He thermochronology is only 
10
 of use in geologic regimes where the target rocks contain appropriate accessory minerals 
(e.g. zircon, apatite, titanite, etc.) and where there have been no subsequent heating 
events with the potential to overprint the signal from the impact event itself. 
One complication of impact thermochronology is that heating to temperatures 
below those necessary for 99% daughter isotope loss can still result in partial resetting. 
Figure 1b illustrates curves for 10%, 50%, and 99% loss of pre-impact radiogenic 4He 
loss from relict zircons, again calculated using Equation 27 of Watson and Cherniak 
(2013). While the zircon (U-Th)/He thermochronometer is well suited for impact studies, 
as even small impacts can reset it completely, variable heating at an impact site may 
result in a dispersion of measured zircon (U-Th)/He dates between the pre-impact cooling 
ages of the zircons and the age of impact that reflect different degrees of resetting. For 
this reason, successful impact thermochronologic studies require the acquisition of large 
datasets (n > ~25), and the best interpretation of the results is that the youngest mode of 
dates represents the timing of the thermal stage responsible for resetting. 
11
  
Figure 2.1. Diffusive loss behavior of radiogenic daughter isotopes in response to 
impact-related thermal events based on the methods described by Watson and Cherniak 
(2013). Temperature-time histories for heating events are modeled as parabolic and 
described in terms of maximum temperature (Tmax) and event duration (t). a. Numbered 
curves correspond to 99% pre-impact daughter isotope loss (F = 0.99, defined here as the 
threshold for resetting) for a variety of thermochronometers. Rectangular boxes 
correspond to the nominal ranges of log (Tmax) and log (t) for stages in the thermal history 
of impact sites. See Table S1 of the Supplementary Material for experimental daughter 
element diffusion data, as well as assumed diffusion dimensions. b. Impact heating-
related loss of 4He diffusion in zircon. Curves represent 10%, 50%, and 99% fractional 
loss (F = 0.1, 0.5, and 0.99). Rectangular boxes are the same as those in Frame a. 
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 2.4. Dating the Haughton Impact Structure 
2.4.1. Geologic Background 
We illustrate this approach with (U-Th)/He zircon data from the relatively small 
(ca. 23 km) Haughton impact structure on Devon Island, Nunavut, Canada (75°22’N; 
89°40’W; Fig. 2).  Target rocks for the Haughton impact were Lower Paleozoic 
sedimentary units (primarily carbonate strata with subordinate clastic rocks) that 
unconformably overlie Precambrian granitic and gneissic basement rocks (Frisch and 
Thorsteinsson, 1978; Osinski et al., 2005c). Exposures of impact breccia are widespread 
within the crater and dominated by Paleozoic carbonate clasts, but scattered gneissic and 
granitic clasts indicate that the impact penetrated down to the Precambrian basement.  
These breccias are overlain by post-impact lacustrine sediments of the Haughton 
Formation that are poorly biostratigraphically dated at between ca. 14 and > 29 Ma 
(Osinski and Lee, 2005). Apatite fission track dates for shocked basement clasts have 
been interpreted to suggest a 22.4 ± 2.8 Ma (2s) age for the impact (Omar et al., 1987). 
40Ar/39Ar data for Haughton samples (both whole rock and in situ) are difficult to 
interpret unambiguously due to substantial isotopic heterogeneity and variable excess 
40Ar contamination. Impact age interpretations based on these data range from 23.4 ± 2.0 
(Jessberger, 1988) to ca. 39 Ma (Sherlock et al., 2005). The most widely accepted 
estimate is the Eocene age favored by Sherlock et al. (2005), but the inconsistency of that 
estimate and the fission track estimate is troubling. 
13
  
Figure 2.2. Simplified geologic map of the Haughton impact structure showing 
collection locations (circles) for samples H1-H4. Two samples – H2 and H3 – are from 
the same locality. Small black squares indicate mapped locations for various features 
(mineralized vugs and fossil vents) indicative of impact-related hydrothermal activity 
(After Osinski et al., 2005a). 
 
2.4.2 Methods 
In an effort to better constrain the age of the Haughton impact, we collected four 
samples of basement clasts from the crater-fill breccia (Figure 2). All four hand samples 
were similar in appearance and were all collected from the allochthonous breccia unit 
within the structure. Mineral assemblages included quartz, feldspar, and biotite, all of 
which were clearly shocked when viewed under a microscope. There were no discernible 
differences between breccia samples at all four locations. Thirty-seven euhedral zircon 
crystals were selected from separates from these four samples for conventional (U-
Th)/He thermochronology (see Supplementary Material for tabulated data). All 37 
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 zircons showed rounded pyramidal terminations and a slight cloudy, opaque texture and 
none showed visible fractures or breaks. These impact breccia samples were crushed and 
sieved, and minerals were separated using standard density and magnetic techniques. 
After microscopic examination of the separation products, 37 euhedral, transparent, and 
visibly inclusion-free zircon crystals were selected for study. In order to enable post-
analytical alpha ejection corrections of raw (U-Th)/He dates (Hourigan et al., 2005), 
dimensions of each zircon were measured from photomicrographs prior to loading into 
Nb tubes for analysis. Helium measurements were made via isotope dilution techniques 
using an Australian Scientific Instruments (ASI) Alphachron system at the Noble Gas 
Geochronology and Geochemistry Laboratories (NG3L) at Arizona State University. 
Gasses were extracted in vacuuo using a 980 nm diode laser, scrubbed of reactive gasses, 
spiked with 3He, and measured by an electron multiplier on a Balzers QMS 200 
quadrupole mass spectrometer. To measure U and Th isotopes, the crystals and tubes 
were spiked with a solution of 230Th and 235U in 50% HNO3, and digested at elevated 
temperature and pressure in a mixture of HF, HNO3, and HCl. Uranium and Th 
measurements were performed using isotope-dilution techniques on a Thermo-Electron 
X-Series inductively coupled, plasma-source mass spectrometer in the W. M. Keck 
Foundation Laboratory for Environmental Geochemistry at Arizona State University.  
Raw and alpha ejection-corrected dates are reported in Table S1 of the Supplemental 
Material, with 2s errors based on propagated analytical uncertainties only. Further details 
on NG3L procedures are available elsewhere (van Soest et al., 2011). 
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 2.5. Results 
The dated zircon crystals yielded a range of (U-Th)/He dates from 419 ± 13 to 
18.56 ± 0.57 Ma (2s) as illustrated in Figure 3. We interpret the dispersion of dates as 
direct evidence that the impact breccia represents a physical mixture of materials that 
experienced a wide range of shock metamorphic temperatures ranging from high enough 
to completely reset (U-Th)/He systematics in zircon to low enough to only cause partial 
resetting. Furthermore, reexamination of high magnification photographs of dated zircon 
crystals, taken prior to analysis, show no discernible correlation in morphological 
characteristics (i.e. fractures, color alteration, etc.) and the degree to which crystals have 
been reset. The complexity of the zircon dataset helps explain the difficulty encountered 
in deducing an unambiguous age of impact from published Ar datasets (Sherlock et al., 
2005). However, the helium data are far more easily interpretable. The spectrum of dates 
in Figure 3 displays a prominent Neogene mode, suggesting that the most complete 
resetting occurred more recently than the Eocene. This mode, representing 22 of the 37 
dates, has a weighted mean of 23.53 Ma with a 2s uncertainty of 0.16 Ma based on 
propagated analytical uncertainty. However, as is frequently the case with (U-Th)/He 
data, the dispersion of dates within the reset population is greater than that which can be 
explained by propagated analytical uncertainties alone, even though the reset population 
represents a single heating event. To account for the internal analytical uncertainty and 
constrain the external uncertainty associated with dating a population of 
thermochronometers, we utilize a method put forth by Wendt and Carl (1991) of 
multiplying the calculated uncertainty by the square root of the MSWD of the weighted 
mean (MSWD: 151.7926 ± 0.6172 2σ). This yields a more robust estimate of ± 2.0 Ma 
16
 for the ca. 95% confidence interval. Our preferred age for impact resetting – 23.5 ± 2.0 
Ma – agrees well with the interpreted age based on Jessberger’s 40Ar/39Ar data (23.4 ± 
2.0 Ma; 1988), and it is statistically indistinguishable from the 22.4 ± 2.8 Ma estimate of 
Omar et al. (1987) based on apatite fission track dating. 
Figure 2.3. Probability density function (PDF) and kernel density estimator (KDE) plots 
for the Haughton zircon (U-Th)/He data in Table S2. Measured dates are shown in black 
and white circles. The PDF curve (orange filled) is the sum over all probabilities for 
measured dates assuming Gaussian uncertainties. The KDE curve (yellow filled), 
constructed using a bandwidth calculated following the approach of Botev et al. (2010), 
is regarded as a more accurate reflection of the dispersion in mixed datasets (Vermeesch, 
2012). The prominent mode in the KDE curve emphasizes a tight clustering of 22 zircon 
dates (black circles). The error-weighted mean of those dates (23.5 ± 2.0 Ma at the ca. 
95% confidence level) is interpreted as the age of the Haughton impact event. 
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 2.6. Discussion 
The response of various thermochronometers to heating events of different 
durations and magnitudes suggests that it may be possible to interpret the stage in the 
thermal evolution of an impact site to which a particular resetting date corresponds. If the 
Haughton zircons that yielded the youngest (U-Th)/He dates had been reset during the 
contact/compression stage, they would not have been able to accumulate new radiogenic 
4He during the negligible timespan between contact/compression and excavation. Due to 
the extremely short duration of the excavation phase at Haughton, maximum post-shock 
temperatures of pre-impact zircons in the impact breccias are likely to have been in the 
range 850˚- 1250˚C, or roughly half the plausible temperature range for carbonate-rich 
impact melts in the crater (Osinski et al., 2005a). These conditions would have been 
sufficient to explain the fully and partially reset (U-Th)/He dataset even if the zircons had 
not been reset during contact/compression. A moderate- to low-temperature hydrothermal 
system did develop at Haughton after impact, but the uneven distribution of hydrothermal 
mineralization across the structure suggests localized and variable heating within the 
structure (Osinski et al., 2005b). The zircons we dated were collected in areas with no 
evidence of hydrothermal activity, but the nearest hydrothermal features (Figure 2) 
contained minerals (e.g., selenite) indicative of precipitation at temperatures below 
100˚C. Such temperatures, even if sustained for tens of thousands of years as suggested 
by Osinski and co-workers (Osinski et al., 2005a), would not have induced sensible 
diffusive 4He loss from our zircons (Figure 1b). We thus interpret the 23.5 ± 2.0 Ma date 
as corresponding to the age of the excavation stage in the thermal evolution of the 
Haughton structure.   
18
  
2.7. Conclusions 
Although this contribution has emphasized the application of the (U-Th)/He 
thermochronometer to impact dating, the application of multiple thermochronometers 
with a range of resetting characteristics to target rocks could yield detailed information 
regarding the thermal evolution of an impact site. Such multi-chronometer studies would 
be even more enlightening for extraterrestrial samples that may have experienced 
multiple impact heating events. For example, individual (U-Th)/He and 40Ar/39Ar datasets 
for meteorites and returned lunar samples show evidence of polyphase impact in the form 
of multiple apparent age modes (Hudgins et al., 2008; Min et al., 2013) or disturbed 
40Ar/39Ar spectra (Shuster et al., 2010). Even more remains to be learned from such 
samples through thermochronologic research employing a variety of mineral-isotopic 
systems with well-characterized diffusion characteristics.  
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 CHAPTER 3 
GEOCHRONOLOGY AND THERMOCHRONOLOGY OF THE MISTASTIN LAKE 
IMPACT STRUCTURE, LABRADOR, CANADA 
3.1. Introduction 
Information about the evolution of the inner Solar System, including the 
bombardment history of Earth, its moon, and the rest of the rocky planets, is manifested 
on each of these bodies to varying degrees. Active plate tectonics, vegetation cover, and 
extensive oceans and lakes cloud the impact record on Earth, but this history is recorded 
on other nearby planetary bodies, especially the Moon. While many of the largest lunar 
impact events are recorded in basins like Orientale, South Pole-Aitken, and Imbrium, 
their signatures can be obscured by the numerous smaller impacts that have since 
peppered the surface of the Moon. It is, therefore, a challenging task to identify the 
impact melts and brecciated samples that were created in a specific impact event. The 
most complex lunar structure to interpret and sample is the ~2500 km-diameter South 
Pole-Aitken basin (SPA). This structure is the largest and oldest lunar basin identified to 
date (Wilhelms, 1987; Pieters et al., 2001; Spudis et al., 2008). SPA is crucial in 
understanding the history of Earth’s closest neighbor as it may provide clues for the early 
evolution of the Solar System. Thus, SPA is the highest priority sampling target for future 
lunar missions (National Research Council, 2007). In order to increase our chances of 
success in endeavors like dating its formation, it is beneficial to refine impact 
geochronology techniques at more accessible terrestrial impact sites.    
Due to its similar target lithologies, the ~28 km diameter Mistastin Lake impact 
structure, located in Labrador, Canada, has been identified as an appropriate terrestrial 
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 analogue to SPA (Mader et al., 2010). As part of an international research effort, we have 
been working to establish viable dating techniques that can shed light on the timing of the 
Mistastin impact event. Here we report the results of our application of two 
thermochronometric techniques: single crystal (U-Th)/He dating of accessory minerals 
and laser microprobe 40Ar/39Ar dating of impact melts. 
 
3.2. Geologic Setting of the Mistastin Lake Impact Structure 
Mistastin Lake in Labrador, Canada (55°53’N, 63°18’W) fills much of a ~28 km-
diameter impact structure developed in Mesoproterozoic rocks of the Mistastin batholith 
(Currie, 1968; Figure 1). Primary igneous lithologies of the batholith in the impact area 
range in mineralogy from comparatively quartz-rich granodiorite to comparatively 
quartz-poor mangerite and anorthosite (Grieve, 2006; Marion and Sylvester, 2010). The 
granodiorite contains K-feldspar and is thus potassic and all of the major rock 
constituents contain zircon. The mangerite, anorthosite, and granodiorite yield U-Pb 
zircon ages of 1451 ± 12 Ma, 1438.7 ± 8.9 Ma, and 1429 ± 10 Ma, respectively (Marion 
and Sylvester, 2010). It should be noted that for the rest of this paper, all errors are 
quoted at the 2σ, or ca. 95% confidence level (unless otherwise noted). 
The Mistastin structure’s central uplift is preserved as two islands in the center of 
Mistastin Lake. Horseshoe and Bullseye Islands consist of shocked anorthosite and 
mangerite. Shocked products such as shatter cones, planar deformation features and 
maskelynite have been identified in the central uplift, indicative of shock metamorphism 
(Currie, 1971). 
24
 Outcrops of impact-melted rock are distributed throughout the structure. The two 
most prominent outcrops include Cote Creek on the north shore of Mistastin Lake and 
Discovery Hill, located on the SW shore of the lake (Figure 1). Especially well studied is 
the 80 m-thick impact melt sheet at Discovery Hill. The melt rock at this locality contains 
variable quantities of target rocks preserved as entrained clasts, but its chemistry is fairly 
homogenous with some localized exceptions. Grieve (1975) identified several primary 
impact melt groups based on SiO2 and K2O concentrations (ranging from 53-65 wt. % 
SiO2 and 1.1-4.6 wt. % K2O). This narrow range of compositions suggests a high degree 
of mixing before crystallization. Several studies have attempted to resolve relative 
proportions of each target lithology that melted together to form the impact melt, but the 
most widely accepted estimates are ~73% anorthosite, ~20% granodiorite, and ~7% 
mangerite (Marion and Sylvester, 2010). Petrographic analysis reveals several different 
melt modes, some predominantly glassy with few phenocrysts, some microporphyritic 
with feldspar, pyroxene, and oxide phenocrysts (Grieve, 1975). Many impact melt-
bearing breccias contain rare zircons that appear to be xenocrystic and not crystallized 
from the melt (Marion and Sylvester, 2010). These xenocrysts, as well as zircon crystals 
from target rock outcrops around Mistastin Lake and on Horseshoe Island, play an 
important role in the (U-Th)/He thermochronologic study described below. 
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Figure 3.1. Geologic map of the Mistastin Lake impact structure. Sampling localities for 
both (U-Th)/He (green) and 40Ar/39Ar (blue) studies are shown on the geologic map. 
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 3.3. Previous Mistastin Impact Geochronology 
The U-Pb zircon geochronology conducted by Marion and Sylvester (2010) at 
Mistastin yielded target protolith ages but failed to ascertain the age of the impact event 
itself. The most likely reason for this is that even large impact events can fail to reset the 
U-Pb systematics of xenocrystic zircons (Deutsch and Scharer, 1994). Previously 
published 40Ar/39Ar, K-Ar and fission track data from the site are generally consistent 
with a Middle-Late Eocene impact age. Storzer and Wagner (1977) quote a fission track 
age of 39.6 ± 4.4 Ma (1σ).  Whole-rock K-Ar ages for melt samples of 36 ± 4, 38 ± 6, 
and 202 ± 25 Ma were reported by Wanless et al. (1966, 1972). Currie (1971) interpreted 
these data to indicate an Early Jurassic formation age by attributing the younger dates to 
post-impact argon loss. However, Mak et al. (1976) subsequently published 40Ar/39Ar 
incremental heating data for eight melt rocks that confirmed the likelihood of a Tertiary 
age. When recalculated using the decay constants of Steiger and Jager (1977), the 
apparent ages of six of the samples ranged from 41-34 Ma, and Grieve (2006) inferred a 
36 ± 4 Ma impact age. Two of the melt samples and a maskelynite separate from the 
target anorthosite yielded complex Ar release spectra that were difficult to interpret 
uniquely but indicated much older ages. 
 
3.4. Sampling Mistastin for Dating the Impact Event 
In order to both improve on our confidence of the Mistastin impact age and 
inform the design of future human and robotic geochronologic exercises aimed at dating 
extraterrestrial impact sites such as SPA, we sampled all of the major target lithologies at 
Mistastin Lake, as well as the impact melt, from a variety of localities around the 
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 structure. We concentrated our efforts on two techniques proven to be successful at 
dating various terrestrial impact sites: 40Ar/39Ar geochronology of impact melts (Jourdan, 
2012) and (U-Th)/He geochronology of xenocrystic zircons in melt and target rock 
samples experiencing significant impact heating (van Soest et al., 2011; Young et al., 
2013).  
For (U-Th)/He analysis, we separated thirty-four zircons from nine samples 
obtained from six locations, (Figure 1). Two clast-poor impact melt rock samples were 
collected from Cote Creek (CC), and six zircons were isolated from them. Twenty-one 
zircons were isolated from mangerite samples collected at four different localities: 
Discovery Hill (DH), the west rim of the structure, Cote Creek, and the central uplift 
from Horseshoe Island. Nine of these zircons were isolated from two large mangerite 
boulders entrained in the Discovery Hill impact melt. These boulders were <3 m in 
diameter, and the samples were collected from < 1 m from the edge of each boulder. Four 
zircon grains were separated from the Cote Creek mangerite. This outcrop was located 
approximately 400 meters away from the Cote Creek impact melt samples. Five zircons 
were isolated from a mangerite outcrop located near the west rim of the Mistastin 
structure. Finally, three zircons were identified from an outcrop of mangerite collected 
from Horseshoe Island. Six zircons were isolated from two granodiorite samples. Two of 
these grains were from an outcrop <200 m away from the west rim mangerite sample. 
The other four granodiorite zircons were collected from the eastern edge of the Mistastin 
structure. Although we sampled the anorthosite unit in several locations, none were dated 
due to the lack of dateable phases found during the mineral separation process. 
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 For the 40Ar/39Ar studies on impact melt rocks, we collected two samples from 
Discovery Hill and two samples along Cote Creek. While the sampling locations were 
near the impact melt sampling locations for the (U-Th)/He work, the samples were 
prepared differently for analysis (see Methods section). The Discovery Hill samples, 
taken from near the top of the melt sheet, contained notably fewer country rock clasts and 
were more microporphyritic than the Cote Creek samples. Marion et al. (2007) argued 
that the flow of the Discovery Hill melt was constrained by transient crater topography 
that enabled the melt to flow and stay molten for longer, giving it more time to 
incorporate the mangerite unit that it flowed over, and also giving the melt time to 
equilibrate with the entrained mangerite. Analyses reveal a higher concentration of 
mangerite components in the Discovery Hill melt than in the Cote Creek melt (Marion 
and Sylvester, 2010). 
 
3.5. Methods: (U-Th)/He Thermochronology 
While (U-Th)/He thermochronology is an established low-temperature technique 
for constraining the timing of exhumation and orogenic events (e.g., Farley and Stockli, 
2002; Reiners, 2005), it has only recently begun to be applied to dating impact events 
(Ukstins Peate et al, 2010; van Soest et al., 2011; Wartho et al., 2011, 2012; Young et al., 
2013). Rather than dating material crystallized directly during impact, this technique 
capitalizes on the resetting of xenocrystic accessory minerals in target lithologies by 
intense heating associated with impact-induced shock.  
We prepared thirty-four zircon crystals for (U-Th)/He thermochronology analysis 
in the Noble Gas Geochronology and Geochemistry Laboratory (NG3L) at Arizona State 
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 University (ASU). Hand-picking was done to select crystals that were unbroken, free of 
visible inclusions, and had intact pyramidal terminations that simplified alpha ejection 
correction employing the methods of Hourigan et al. (2005). Helium analyses were done 
using an Australian Scientific Instruments Alphachron system. Each zircon was 
encapsulated in Nb within an ultrahigh vacuum chamber fitted with a sapphire viewport. 
In addition to analyzing unknown samples, empty Nb tubes were analyzed, along with 
Fish Canyon Tuff zircon grains and Durango fluorapatite shards as age standards. Gasses 
were extracted using a 980 nm infrared diode laser, purified using metallic getters, and 
spiked with 3He before isotopic analysis using a Balzers Prisma QMS 200 quadrupole 
mass spectrometer. Following 4He measurements, the zircons and associated Nb tubes 
were spiked with a mixture of 235U and 230Th before digestion in HF, HNO3, and HCl. 
The resultant liquid solution was analyzed for U and Th concentrations on a 
ThermoScientific iCap Q inductively coupled plasma mass spectrometer. All (U-Th)/He 
data are shown in Table 1. Further analytical details can be found in van Soest et al. 
(2011) and Wartho et al. (2012). 
 
3.6. Methods: Laser Microprobe 40Ar/39Ar Geochronology 
While most 40Ar/39Ar studies of impact melt materials in the past have involved 
furnace (e.g., Turner, 1970; Mak et al., 1976; Cohen et al., 2000) and laser (e.g., 
Dalrymple and Ryder, 1996, Culler et al., 2000, Layer, 2000, Hudgins et al., 2008) 
heating, we employed a technique that involved the use of a focused ultraviolet (193 nm, 
Ar-F) laser as a microprobe to extract argon gasses from polished sections of the 
Mistastin samples. Originally applied to thermochronologic studies of terrestrial samples 
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 (Kelley et al., 1994), this laser microprobe 40Ar/39Ar approach has great promise for 
dating impact products because it permits precise targeting of melt material while 
avoiding clasts and xenocrystic phases (Fernandes et al., 2000; Mercer et al., 2014).  
Polished ca. 200 µm-thick sections from four impact melt samples were mounted 
on glass slides using Superglue. These sections were carbon coated and mapped using the 
JEOL JXA-8200 Electron Micro-Probe (EMP) located at Washington University in St. 
Louis using a10 nA beam current and 15 kV accelerating voltage. Elemental X-ray maps 
were produced for each section in order to help develop targeting campaigns for the laser 
work for each section. All ensuing laboratory work was performed in the NG3L facilities 
at ASU. The carbon coatings were removed using a combination of 0.25 µm polishing 
paper, water, and a 0.02 µm colloidal silica slurry. The samples were then soaked in 
acetone to dissolve the Superglue and enable their removal from the glass slides. The 
sections were trimmed to 9 x 9 mm to fit in the McMaster University irradiation tubes. 
The sections were cleaned in acetone, methanol, and deionized water, and finally dried at 
low temperature under a heat lamp. The sections were then wrapped in Al foil and placed 
in Al planchettes. The sections were interspersed in the irradiation packet with the HD-
B1 biotite age standard (24.18 ± 0.18 Ma; (Schwarz and Trieloff, 2007)) as neutron flux 
(J value) monitors. In addition, the package contained kalsilite and CaF2 salts to enable 
corrections for interfering nuclear reactions. The entire package was Cd shielded and 
irradiated in the McMaster University nuclear reactor for 4 hours 10 
minutes in the Row 8 medium-flux reactor position.  
Prior to argon isotopic analysis, the six section fragments were loaded into an 
ultra-high vacuum chamber with a 2.5” UV-grade fused silica viewport. Laser ablation 
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 was performed using either a 6 mJ Photon Machines ProMaster or a New Wave Research 
UP193X ablation systems. The excimer lasers were pulsed at an ultraviolet wavelength of 
193nm for <5 ns pulse duration. The Photon Machines ProMaster laser was used to ablate 
all of the 19 spots in DH4_mt_D, 15 of 19 spots in DH4_mt_E, all 18 spots in 
DH2a_mt_C, 9 of the spots in CC2b_mt_D, all 9 spots in CC2b_mt_G, and 0 of the 11 
spots in CC2c_mt_D. The New Wave Research laser was used to ablate the rest of the 
laser spots (n=25) in DH4_mt_E, CC2b_mt_D, and CC2c_mt_D.  
The Photon Machines laser was operated with a maximum energy output of 6 mJ, 
a pulse frequency of 10-12 Hz, and the laser optics z-focus was continuously refocused 
during ablation to create rectangular ablation pits. To avoid ablating clasts using this 
laser, we chose large clast-free areas of melt and jogged the laser around these areas. The 
resultant pits were therefore large in diameter (144-384 µm) but shallow in depth (ca. 20-
25 µm). The New Wave Research laser was operated with a maximum output energy of 6 
mJ, a pulse frequency of 10-15 Hz, and the laser z-focus was continuously refocused 
during ablation to create 125-200 µm-diameter near-cylindrical pits with depths that 
ranged from 30-40 µm. To avoid visible clasts while using the New Wave Research laser, 
we collected gas ablated from multiple laser pits located in close proximity to one another 
and combined it to form a single combined aliquot for analysis. Laser pit locations were 
chosen using the X-ray element maps and visible light microscopic images.  
Extracted gasses were purified using hot and room temperatures SAES NP10 all 
metal getters and then equilibrated into a high-sensitivity multi-collector mass 
spectrometer (Nu Instruments Noblesse) containing a Nier-type source, operated at 400 
mA, with zoom optics. The Ar isotopes were measured using one Faraday detector (fitted 
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 with a 1 x 1011 Ohm resistor) and one ETP ion counting multiplier. The automated valve 
operation, and data acquisition were computer-controlled using Alan Deino’s MassSpec 
software program. 
Unknown analyses were corrected for detector baselines, blanks, instrument mass 
discrimination, interfering isotopes produced during irradiation, and the decay of 39Ar 
and 37Ar following irradiation. Nuclear interference ratios used are (40Ar/39Ar)K = 1.97 x 
10-2 ± 6.49 x 10-3 (1σ), (39Ar/37Ar)Ca = 7.18 x 10-4 ± 7.47 x 10-6 (1σ), and (36Ar/37Ar)Ca = 
2.90 x 10-4 ± 4.08 x 10-6 (1σ). 40Ar/39Ar ages were calculated using the decay constants of 
Steiger and Jäger (1977). A J value of 0.0002774 ± 0.0000046504 (1σ) was calculated. 
All the 40Ar/39Ar data are shown in Table 2.  
 
3.7. Results: (U-Th)/He Thermochronology 
The thirty-two zircons yielded (U-Th)/He dates ranging from 1338 ± 42 Ma to 
29.9 ± 1.1 Ma (Table 1). Figure 2 illustrates these results as relative probability density 
plots. The dates generally fall into three modes, with a primary mode of 15 zircons from 
Cote Creek impact melt samples and two mangerite boulders entrained in the Discovery 
Hill impact melt, yielding dates ranging from 47.3 ± 1.5 Ma to 29.9 ± 1.1 Ma (1σ). We 
interpret the uncertainty-weighed mean date of 35.8 ± 1.0 Ma (n=15) for these zircons as 
a robust (U-Th)/He estimate for the age of the Mistastin impact event. The older two 
modes were obtained from the shocked target rocks within the crater, and their dates vary 
depending on sampling location and rock type. The three zircons dated from the 
Horseshoe Island mangerite sample range in age from 1316 ± 41 to 1228 ± 47 Ma. The 
rim granodiorite and mangerite zircons cluster into two populations. The first, older 
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 population yielded dates that range from 1338 ± 42 to 936 ± 35 Ma (n=7). The second, 
younger population yielded dates that range from 374 ± 18 to 318.2 ± 8.7 Ma (n=3). 
High-magnification visible light microscopic examination of these grains indicated 
nothing that would explain this age range. The zircons dated from the mangerite outcrop 
located within ~200 m of the Cote Creek impact melt deposits again formed two distinct 
populations. One grain yielded an age of 1336 ± 46 Ma while the other three zircons 
collected from this location yielded ages of 354 ± 10 Ma, 315 ± 10 Ma, and 298 ± 15 Ma. 
Again there were no visible differences in any of these crystals. 
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 Figure 3.2. Mistastin (U-Th)/He Results 
 
Figure 3.2. (U-Th)/He data for the Mistastin Lake impact structure. The larger plot 
represents the Kernel Density Estimation (KDE) adaptive bandwidth technique 
(Vermeesch, 2012) for all 32 dated zircon grains. Three distinct modes, discussed in the 
text, are evident. The smaller plot focuses in on the KDE for the youngest of those three 
modes. These grains yielded a (U-Th)/He zircon impact age of 35.8 ± 1.0 Ma (2σ, n=15). 
 
 
 
 
 
 
200 1400120010008006004000
(U-­Th)/He  Age  (Ma)
Age  (Ma)
100 6050403020 70
R
el
at
iv
e  
Pr
ob
ab
ili
ty
35
 3.8. Results: Laser Microprobe 40Ar/39Ar Geochronology 
Six sections were prepared from four Cote Creek and Discovery Hill melt samples 
for laser microprobe work. For the two CC samples, two sections were cut from sample 
CC2b and one from sample CC2c. For the two DH samples, two sections were cut from 
sample DH4 and one from sample DH2a. Altogether, we determined 88 laser ablation 
40Ar/39Ar dates for melt distributed through these sections (Table 2, Figure 3a). Although 
we noted no obvious section-to-section differences in the dates from a single locality, the 
distribution of CC dates was slightly different from that at DH.  
The Cote Creek data (n=33) had a weighted mean of 41.24 ± 1.40 Ma and the 
Discovery Hill data (n=55) yielded a weighted mean of 33.12 ± 1.20 Ma (Figure 3b). 
However, the dispersion of dates within each of these populations was greater than what 
can be justified by propagating only the analytical uncertainties for these data. To 
constrain the uncertainty introduced by dating a population of thermochronometers, we 
use the technique of Wendt and Carl (1991) and multiply the calculated uncertainty by 
the square root of the MSWD of the weighted mean (MSWD for CC: 7.28 ± 0.50; 
MSWD for DH: 1.81 ± 0.38) to arrive at an error-weighted mean age for the CC 
population of 41.2 ± 3.8 Ma, and 33.3 ± 1.6 Ma for the DH population (Figure 3b). We 
combined the results from all 88 data points to arrive at a best error-weighted mean 
estimate of the apparent 40Ar/39Ar age of the impact event: 36.6 ± 2.0 Ma. It seems highly 
unlikely that melts from these two localities are significantly different in age, and we 
ascribe the slightly older apparent age for the Cote Creek samples to the inclusion of laser 
ablation volumes contaminated by older clast material which were not obvious during 
targeting and were incompletely reset during the impact heating event. The data also 
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 show several ages which are significantly younger and outside the 95% confidence 
interval for the age of the structure (these range from approximately 16-25 Ma). It is 
probable that these ages are the result of Ar loss due to alteration and do not represent 
information relating to the impact event. 
 
Figure 3.3a. UVLAMP 40Ar/39Ar data for the Mistastin Lake impact structure. Shown is 
the KDE with adaptive bandwidth (Vermeesch, 2012) for all 88 laser spots. The in situ 
40Ar/39Ar laser microprobe data indicate an impact age of 36.6 ± 2.0 Ma (2σ, n=88).  
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Figure  3a:  All  Mistastin  40Ar/39Ar  Results
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Figure 3.3b. UVLAMP 40Ar/39Ar data for the Cote Creek (red line) and Discovery Hill 
(blue line) locations are compared. The curves represent KDEs using the adaptive 
bandwidth technique (Vermeesch, 2012) for each location population. 
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3.9. Discussion and Conclusions 
The 40Ar/39Ar and (U-Th)/He best estimates reported here for the age of the 
Mistastin impact event (36.6 ± 2.0 Ma and 35.8 ± 1.0 Ma, respectively) have comparable 
precision and are statistically indistinguishable. Together they strongly support the 
interpretation of Grieve (2006) of a 36 Ma impact age based on the lower-precision 
40Ar/39Ar results of Mak et al. (1976). In addition, the two datasets provide insights 
regarding geochronologic sampling strategies that may inform the design of future 
missions of exploration in the inner Solar System. We found that laser microprobe 
40Ar/39Ar data for glassy or microcrystalline melt domains, regardless of position within 
the Mistastin crater, yielded robust estimates of the impact age. Ablation pits that may 
have been contaminated by xenocrysts or xenoclasts of target material yielded 
compromised dates and unreliable (either imprecise or inaccurate) estimates of the impact 
age. The collection of melt materials for 40Ar/39Ar dating thus should focus on clean, 
unaltered material and be as free as possible of clasts. Although we did not analyze 
shocked but unmelted Mistastin target rocks by the 40Ar/39Ar method, theoretical 
considerations (Wartho et al., 2012; Young et al., 2013) and previous studies by others 
(e.g., Mak et al., 1976) suggest that such samples are not likely to yield robust estimates 
of the impact age.  
The (U-Th)/He system is much more readily reset than the 40Ar/39Ar system 
during an impact event (Ukstins Peate et al., 2010; van Soest et al., 2011; Wartho et al., 
2011, 2012; Young et al., 2013). The robust estimation of impact ages by (U-Th)/He 
dating of neoblastic and xenocrystic accessory minerals in melt, in blocks of target rocks 
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 in melt bodies, and in shocked target rocks are all reasonable ambitions. At Mistastin, we 
found that all xenocrystic zircons from impact melt, or from blocks completely enclosed 
or draped in impact melt, recorded the impact age. However, zircons collected from 
target rock samples collected as close as ca. 200 m from the Cote Creek melt outcrop 
were only partially reset and did not yield dates corresponding to the impact age. Samples 
from farther away yielded ages that were only slightly younger than Proterozoic Mistastin 
batholith crystallization ages. This implies that the highest priority for (U-Th)/He 
geochronology sampling at an impact site should be clast-rich impact melt or shocked 
target rocks in very close proximity to large melt sheets. However, Ukstins Peate et al. 
(2010), Wartho et al (2012), and Young et al. (2013) showed that (U-Th)/He 
thermochronology of zircons from shocked target lithologies at the Monturaqui (Chile), 
Wetumpka (Alabama, USA), and Haughton (Nunavut, Canada) impact structures 
provided robust impact age estimates despite the fact that little or no silicate impact melts 
were produced and/or preserved at these structures. 
Our results, and those of Mercer et al. (2014) on Apollo 17 impact melt breccias, 
suggest that the ultraviolet laser microprobe is a valuable tool for impact melt 40Ar/39Ar 
geochronology. Many previous 40Ar/39Ar studies of impact melt samples have relied on 
incremental heating of comparatively large sample volumes that undoubtedly contain 
mixtures of melt and target rock fragments. Incomplete Ar degassing of these fragments 
during impact is more likely than not (Deutsch and Scharer, 1994), and the resulting 
incremental heating spectra of such mixtures can be complex and difficult to interpret. By 
avoiding these clasts through precise laser targeting, the method used here reduces such 
complexities. Still, the technique is not perfect in the sense that very small clast 
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 fragments not detected during visible light microscope inspection of the sections and 
targeting of the laser appear to compromise some of the dates in Table 2. This implies 
that the success of applications of the UV laser ablation technique depends on the 
acquisition of a large number of dates for each section in order to be able to isolate 
compromised outliers from dates that represent pristine melt. Fortunately, the effective 
spatial resolution of the technique means that a large number of dates can be readily 
determined on even a small section of impact melt.  
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 CHAPTER 4 
SAMPLING STRATEGIES FOR THE GEOCHRONOLOGIC STUDY OF THE 
SOUTH POLE-AITKEN BASIN 
4.1. Introduction 
The exploration of the inner Solar System involves understanding all of the 
processes responsible for shaping the surfaces of the inner planets and their satellites, 
including volcanism, impact cratering, erosion (from wind and water), and plate 
tectonics. While these processes overlap on Earth (making it challenging to isolate just 
one), the heavily cratered lunar surface represents a relatively accessible surface with 
which the community can investigate the impact cratering process. The National 
Research Council (2007) identified constraining the bombardment history of the inner 
Solar System as a crucial exploration goal. Specifically, providing absolute age 
constraints for the South Pole-Aitken basin (SPA), located on the lunar farside, was 
highlighted as a top priority as it anchors crater calibration curves that are used to provide 
relative ages for many of the planetary surfaces in the inner Solar System (Neukem et al., 
2001). 
First examined and classified in the 1970s (Stuart-Alexander and Howard, 1970; 
Stuart-Alexander, 1978), SPA is approximately 2,500 km in diameter (Spudis et al., 
1994) and 8 km deep (Zuber et al., 1994; Cook et al., 2002), making it the largest, 
deepest, and oldest basin on the Moon. While it is widely accepted that SPA represents 
the first major basin-forming event, the exact age of this structure is still unknown. 
Despite the efforts of the lunar community to provide absolute ages for all Apollo 
samples and lunar meteorites, we have limited samples from the lunar farside, meaning 
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 that much of the lunar bombardment history is as yet poorly defined. Sampling SPA is 
challenging due to the approximately four billion years of subsequent impact events that 
have displaced SPA-derived impact melts. Younger, smaller structures such as 
Schrodinger Basin and Zeeman Crater (which lie inside the SPA basin) have previously 
been highlighted as potential sampling sites for this displaced material (Yamamoto et al., 
2012; Kring, 2013; Hurwitz and Kring, 2014). This study discusses sampling strategies 
for structures like Schrodinger and Zeeman and considers optimal protocols for 
distinguishing between SPA-derived melts and any melt produced in younger impact 
events. We hypothesize that the SPA melt material should be geochemically distinct from 
its younger counterparts due to the deep penetration that the SPA event made into the 
lunar surface. This distinction should make these melts identifiable in the field. In situ 
geochemical investigations, combined with detailed field observations (such as outcrop-
scale melt characteristics such as surface roughness), represent the best hope of collecting 
and dating the SPA event. 
 
4.2. The South Pole-Aitken Basin 
 The existence of a large crater near the South Pole of the Moon was first 
discussed in 1962 when Hartmann and Kuiper noted the presence of the ~8 km high 
Leibniz Mountains. Since that time, the presence of orbital data has yielded more detailed 
results about the Solar System’s largest confirmed impact basin. Due to its low 
stratigraphic position relative to other lunar impact basins, it is thought that SPA 
represents the oldest preserved impact basin on the Moon. Since its formation, forty-two 
subsequent basins (where basins are defined as craters >300 km in diameter) have been 
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 emplaced on the lunar surface, several of them directly into the SPA structure (i.e. 
Schrodinger, Apollo, etc.). An impact the size of SPA would have generated substantial 
impact melt and a significant ejecta blanket (i.e. Petro and Pieters, 2004). Were the 
structure untouched since its formation, this melt would be the highest priority sampling 
target for geochronologic analysis. Due to its subsequent overprinting by multiple impact 
basins and smaller craters, however, this sampling is no longer straightforward. 
There is some debate over how deep the impact penetrated into the lunar interior. 
Pieters et al. (1997) evaluate the mineralogy of SPA using Clementine data and suggested 
that SPA most likely did not penetrate all the way into the mantle but instead argues that 
the abundance of noritic lithologies (and those rich in low-Ca pyroxenes; Ryder and 
Wood, 1977) indicate that the impact excavated primarily from the lower crust. Further 
studies, however, suggest that the impact was able to reach the lunar mantle. Yamamoto 
et al. (2012) argue that the presence of olivine-rich central peaks in the Schrodinger basin 
and in Zeeman crater (identified using the Spectral Profiler instrument on the Japanese 
SELENE/Kaguya mission) indicate mantle penetration (though they do allow for the 
potential that this olivine could have originated from a Mg-rich pluton that made its way 
up into the lunar crust prior to impact). Moriarty et al. (2013) also point out that due to 
the cratering dynamics outlined in Melosh (1989), it follows that owing to the estimated 
transient crater diameter of approximately 1000 km (Spudis, 1993; Petro and Pieters, 
2002) and the principle that penetration depth is equal to approximately one-tenth of the 
transient crater diameter (Melosh, 1989), the impact likely penetrated into the mantle. 
Regardless of the penetration depth, there are unique signatures of the SPA basin that led 
it to be classified as one of three major lunar terranes (Jolliff et al., 2000). 
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 The combination of lunar multispectral (Clementine mission) and gamma-ray 
(Lunar Prospector mission) data permits differentiation between the Procellarum KREEP 
Terrane (PKT), the Feldspathic Highlands Terrane (FHT), and the South Pole-Aitken 
Terrane (SPAT) (Jolliff et al., 2000). South Pole-Aitken is characterized by a substantial 
mafic anomaly described in detail by several studies (Pieters et al., 1997; Jolliff et al., 
2000). Relative to the nominal lunar crust, SPA has higher concentrations of FeO (up to 
15 wt. %) and Th, which are both attributed to their sources from deep in the lunar crust 
(and possibly into the mantle) (Lucey et al., 1998; Hagerty et al., 2011). 
Central peaks typically form late in the crater formation and development process, 
and can excavate material from kilometers below the crater itself (Melosh, 1989; Cintala 
and Grieve, 1998). Material found in central peaks, therefore, is often relatively 
undisturbed (compared to surrounding ejecta) and can often represent the crater’s 
underlying stratigraphy. Multiple studies have aimed to interrogate the subsurface 
stratigraphy at SPA using material found in the central uplifts of younger, smaller impact 
structures (Wieczorek and Zuber, 2001; Cahill et al., 2009; Nakamura et al., 2009; among 
others). It has also been recognized that certain impact localities within SPA 
(Schrodinger Basin and Zeeman Crater) contain anomalous mineralogies in their central 
peaks. Yamamoto et al. (2012) highlight the presence of olivine-rich materials in the 
central peaks of these two structures. It is likely that these locations represent craters that 
have excavated SPA-related deposits in their central peaks. This will be crucial in the 
following discussions. 
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 4.3. Dating Lunar Impact Basins 
Prior to the return and study of the Apollo samples and identified lunar meteorites 
(i.e. Dhofar), relative dating was the only option to unravel lunar basin stratigraphy. 
Superposition can be used to identify which lunar impact basins are the oldest. After the 
discovery of SPA, it became clear that it was the oldest basin on the Moon and 
subsequently the stratigraphic positions of each of the forty-three lunar impact basins 
have been determined (Hartmann and Kuiper, 1962; Stuart-Alexander and Howard, 1970; 
Stuart-Alexander, 1978; Wilhelms et al., 1987). Crater counting takes this relative 
positioning one step further. By counting the craters on a target area and assuming that 
the cratering rate has been constant over time an approximate age can be determined for 
that surface. This crater counting technique represents the only current way to obtain 
approximate ages for other planetary surfaces. Deciphering absolute ages to calibrate 
large impact basin timing is crucial in anchoring these crater counting curves. 
Radioisotopic dates for the sampled Apollo basins currently provide some anchors, but 
the connection between these dated Apollo samples and their parent craters are still 
disputed (i.e. Spudis et al., 2011) and the community does not have confirmed samples 
from the lunar farside (including SPA). 
While relative dating through crater counting can help identify which surfaces of 
the Moon are the oldest, absolute basin ages are needed both to anchor crater calibration 
curves as well as give a higher-resolution picture of crater timing. Radioisotopic dating 
techniques such as U-Pb, Rb-Sr, Sm-Nd, K-Ar, and 40Ar/39Ar have been successfully 
used on lunar samples to provide ages for returned Apollo samples as well as lunar 
meteorites (Turner, 1970; Dalrymple and Ryder, 1993; Bogard et al., 1994; Dalrymple 
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 and Ryder, 1996; Cohen et al., 2000; Fernandes et al., 2000; Fernandes et al., 2003; 
Cohen et al., 2005; Garrick-Bethell et al., 2008; Nemchin et al., 2008; among many 
others). While these authors have found success, there are nevertheless complications that 
arise from using these traditional techniques on lunar samples that possibly record 
multiple impact events. Historically, U-Pb geochronology applied to neoblastic target 
mineral phases provides the best constraints on the ages of single-event impact melts. 
Dateable phases (i.e. zircons) are not often found, however, especially in lunar melt 
rocks. As SPA-derived impact melts are the target of this study, it is likely that the 
40Ar/39Ar system will be the most uniformly applicable. Traditional 40Ar/39Ar work step-
heats relatively large sample volumes, meaning that it is likely that the user will be 
unable to fully interrogate the material prior to analysis. In the case of complex lunar 
impact melts, this could be a real problem. Mercer et al. (in prep) discovered through in 
situ laser microprobe dating that multiple impact events can be preserved in a single thin 
section of an impact melt rock (Mercer et al., 2014). Considering the goal of dating SPA 
melts, it is likely that the primary SPA signal may be mixed with the signal of impact 
melting associated with later, smaller impact events. Mercer et al.’s results highlight the 
need for extremely careful sample selection for dating lunar impact melts. If one sample 
can contain evidence of several impact events, then sample selection at SPA must be 
informed by this possibility. Should an identified hand sample contain evidence of 
multiple generations of impact melt, this sample should be selected for return to Earth 
and more detailed analysis (assuming that this sample is collected in a location pre-
determined to be likely to contain SPA-derived melts). The complexity of reported whole 
rock 40Ar/39Ar analysis, combined with Mercer et al.’s findings, indicate that in situ 
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 40Ar/39Ar laser microprobe geochronology is an attractive option for dating the SPA basin 
rocks – assuming of course that SPA-derived melts that are not reset can be found. 
It should be noted that Garrick-Bethell et al. (2008) made an effort to constrain 
the age of SPA based on a combination of Apollo 16 (63503, 60025, and 67955) and 17 
(76535, 78155, and 78235) samples and lunar meteorites (Dhofar and Y-86032). The 
Apollo 16 samples yielded mean ages of 4.228 ± 0.013 Ga (Garrick-Bethell et al., 2008; 
40Ar/39Ar), 4.17 ± 0.06 to 4.26 ± 0.08 Ga (Schaeffer and Husain, 1974; Garrick-Bethell et 
al., 2008), and 4.20 ± 0.07 Ga (Norman et al., 2007; Sm-Nd), respectively. The Apollo 17 
samples yielded mean ages of 4.238 ± 0.022 Ga (Garrick-Bethell et al., 2008), 4.194 ± 
0.018 Ga (Turner and Cadogan, 1975; Oberli et al., 1979; Garrick-Bethell et al., 2008), 
and 4.11 ± 0.02 to > 4.26 Ga (Aeschlimann et al., 1982; Nyquist et al., 1982; Garrick-
Bethell et al., 2008), respectively. Dhofar and Y-86032 yielded mean ages of 4.23 ± 
0.034 Ga (Takeda et al., 2006) and 4.23 ± 0.030 to 4.25 ± 0.030 Ga (Nyquist et al., 2006), 
respectively. Garrick-Bethell et al. (2008) argued that these ages should be considered as 
either being sourced from SPA (in the case of the lunar meteorites) or representing the 
SPA event without overprinting by localized smaller impact structures (in the case of the 
Apollo samples). However, the attribution of these dates to the SPA event is speculative 
and more robust age constraints are needed both to gain a clearer understanding of lunar 
impact history as well as to provide an absolute age to anchor the crater calibration 
curves. To do this, we must travel to the Moon to collect samples representative of SPA. 
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 4.4. Anticipated Impact Melt Deposition Localities 
Given that the study goal is to isolate SPA melt material from amongst melt 
material produced during all subsequent impact events, we first investigate the primary 
localities where melt is deposited during a cratering event before asking where SPA-
derived melts are likely to be preserved in a younger crater that has displaced this 
material. While the exact details of impact melt formation and emplacement depend on a 
number of factors (impact velocity, impact angle, target composition, etc., Osinski et al., 
2011), it is evident that three locations would be good prospects for geochronologic 
exploration.  
 
4.4.1. Centrally-Located Impact Melt Ponds 
Large melt ponds form in the center of major impact structures, both terrestrially 
and on the Moon. The presence of these features seems to have no dependence on the 
size or position of the pond within the central crater. On Earth, many of these ponds have 
been eroded away. The Mistastin Lake impact structure, located in Labrador, Canada 
(and identified as a lunar analog structure due to the similarity of target lithologies to 
those found at SPA) has a prominent preserved melt sheet. This well-studied sheet 
(Taylor and Dence, 1969; Marion and Sylvester, 2010) crops out throughout the structure 
in isolated small deposits and in one large mass, the ca. 80 m-tall structure known as 
Discovery Hill. The Manicouagan impact structure also has an extensive melt sheet that 
covers much of the interior crater cavity (Floran et al., 1978). Due to its restriction to 
within the parent crater that produced it, broadly distributed, easily correlated melt pond 
remnants within a crater are likely candidates for representatives of the primary melt.  
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4.4.2. Melt Ponds in Terrace Walls 
Impact melt also can be found on the terraced walls of complex craters (Hawke 
and Head, 1977; Osinski et al., 2013). During impact melt generation and emplacement, 
the last vestiges of crater formation often include the splash-down of impact melt that 
was generated and tossed into the air above the target site. This late-stage emplacement 
deposits thin veneers (and sometimes small flows) of impact melt in the terraced walls of 
impact melt (Osinski et al., 2011). While this melt is clearly linked to its parent structure, 
it may not be the easiest to sample extraterrestrially. The terrain in terraced walls is often 
characterized by a high degree of relief, making it more difficult to design a robust 
robotic sampling mission. As in Apollo 17, however (where the astronauts were able to 
sample lithologies that only outcropped high above their landing site in the Sculptured 
Hills by collecting samples from large boulders that broke free and rolled down to the 
Taurus Littrow Valley), it could be possible to sample these melt units if a surface 
mission was designed to find boulders whose tracks indicated an origin in an impact 
melt-rich outcrop location.  
 
4.4.3. Melt Deposited Outside the Primary Crater 
Finally, melt is commonly formed when the impact occurs and is subsequently 
ejected from the target site. This ejected melt is deposited either in melt ponds outside the 
final crater walls or in crater rays that form radially away from the center of the structure. 
Lunar examples such as King Crater have distinctive peripheral melt ponds (Osinski et 
al., 2011; Ashley et al., 2012). It is certain that, with an event the size of the impact that 
53
 formed the SPA basin, melt should have been ejected outside the primary cavity. 
However, due to more than four billion years of subsequent impacts, such ponds would 
likely be difficult to unambiguously separate from those produced by younger impacts. 
 
4.4.4. Implications of Melt Location for Sampling Site Selection 
All three of these melt deposition localities represent potential melt sampling 
sites. However, for ancient impact sites like SPA, there are complicating factors. Melt 
rocks collected out of depositional context within and outside the primary SPA crater are 
unlikely to yield unambiguous dates. Careful geologic mapping of candidate melt ponds  
– either with robotic assets or by humans on the surface – will be important to robust 
interpretation. An alternative strategy to melt pond sampling may be to deliberately 
collect samples excavated by one or more subsequent impactors and trust high spatial-
resolution geochronologic techniques to permit resolution of the mixed chronologic 
signals.  
  
4.5. Specific SPA Sampling Strategies 
 
4.5.1. Identifying SPA Melts in Central Peaks and Terraced Walls 
Unambiguous remnants of the central melt pond, or terrace melt ponds, or 
external ponds of ejected melt have not yet been identified at SPA. While identifying in 
situ melt that formed during the SPA event may be impossible, it is probable that SPA 
melt displaced by subsequent impacts can be identified and sampled in the future. 
54
 Several studies have highlighted the potential for the central peaks of younger 
craters to contain materials excavated from great depths (i.e. Yamamoto et al., 2012; 
Moriarty et al., 2013). Yamamoto et al. in particular identified two structures and their 
central peaks (Schrodinger Basin and Zeeman Crater, both located in the outer reaches of 
the SPA basin) that contain olivine-rich materials thought to have been excavated during 
the SPA event (and again exhumed in the younger events). No craters containing olivine-
rich central peaks are found in the interior of the SPA basin. Locally in Schrodinger and 
Zeeman, the olivine outcrops in landslides coming down the crater walls and also on the 
walls of each structure’s central peak (Yamamoto et al., 2012). 
There is also a potential for dateable melts to be found in wall terraces of craters 
like Schrodinger and Zeeman. Figure 1 highlights how these terraced walls might be 
sampled. The Schrodinger Basin, a previously identified potential site to sample SPA 
(Kring, 2013; Hurwitz and Kring, 2014; Gullikson et al., 2014; Curran et al., 2014), 
contains extensive impact melt deposits, both on its floor and within the rim. Boulders 
have broken free of these terraced deposits (deposits which would also be challenging to 
explore with a rover or human crew) and rolled down into locations that are easier to 
access. Boulder tracks connect the sampling targets to their initial location, meaning that 
gaining contextual information is possible. Figure 1 (based on LROC Featured Images 
from 4/22/10 and 8/17/11) shows this process, starting with a context image of the 
Schrodinger Basin and zooming into boulder tracks on the rim of Schrodinger. Future 
SPA sample collection planning should consider these boulders as potential targets. 
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Figure 4.1. 1a) Clementine UVVIS mosaic of the Schrodinger Basin, which is 312 km in 
diameter (figure modified from LROC F.I. 4/22/10); 1b) LROC WAC mosaic of the SE 
rim of Schrodinger Basin, red dot denotes location of Figure 1c; 1c) LROC NAC 
M159017963R, image of a boulder track indicating where a piece of the rim broke off 
and rolled down the rim of Schrodinger (downslope is to the upper left of the image); 
Figures 1b and 1c modified from LROC F.I. 8/17/11. 
 
4.5.2. Identifying SPA Melts in Real-time Field Operations 
 Once a sampling target (i.e. Schrodinger and Zeeman) has been identified and a 
mission has been designed and launched to sample SPA-derived impact melts, there must 
be a way to identify these melts in the field for collection and return to Earth. Regardless 
of if the mission architecture (discussed in section 4.6) involves robotic or manned 
explorers, SPA melts must be resolved from younger melts in the field. In situ 
geochemical instrumentation and real-time field observations should be used to identify 
these high priority samples. Should impact melt be discovered in the central peak of the 
exploration crater, it is unlikely that this melt formed in the event that created the central 
peak. The central uplift material is typically the last to be excavated in an impact 
(Melosh, 1989), meaning that by this time much of the melt has already been deposited, 
either in the large melt ponds or outside of the central crater. Accordingly, melt found in 
the central uplift at Schrodinger or Zeeman likely represents melt produced in an older 
Schrodinger  Basin
250  m25  km
1a 1c1b
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 impact event that has been excavated from a melt sheet that underlies the sampling site. It 
is this melt that should be targeted for sampling. 
 In order to determine if this older melt is in fact from SPA (and not a smaller 
event that took place between the formation of SPA and the younger event), in situ 
geochemical analysis will prove useful. It has already been shown that the SPA melt 
sheet likely formed from the melting of material from deep in the lunar crust and 
potentially from the lunar mantle. This melt ought to be geochemically distinct from that 
produced in smaller, younger impact events (Pieters et al., 1997; Yamamoto et al., 2012; 
Moriarty et al., 2013). Similar to the identification of the central peak olivine deposits 
(Yamamoto et al., 2012), mafic melt compositions likely indicate production during the 
SPA event. Should multiple generations of melt be found in the exploration area, this 
geochemically-distinct SPA melt should be possible to distinguish for return to Earth. 
Additionally, field relationships can help determine relative age in the event multiple 
generations of melt are found. Using the principles of cross-cutting relationships, it 
should be possible to determine which generation is the oldest (and therefore the one 
most likely to represent the SPA event). 
 The astronauts exploring the Taurus-Littrow Valley during the Apollo 17 mission 
noted complex melt relationships in several sampled boulders eroded from the massif 
walls (Schmitt, 2014). Multiple melt generations were visible in these boulders and it is 
likely that similar findings will result from boulder sampling at different lunar sites (i.e. 
the Schrodinger Basin). Photographs of the Apollo 17 boulders indicate it is possible to 
provide outcrop-scale melt mapping for any similar deposits found in the SPA basin. 
These field observations, combined with in situ geochemical analysis of each melt unit, 
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 result in the ability to compile a rough geologic map of any landing site for a SPA 
sampling mission. Apollo 17 results also indicate that samples dated from these complex 
boulders yield a wide range of radioisotopic dates (Schmitt, 2014), highlighting the fact 
that it is likely that any SPA mission will also find evidence of multiple impact events at 
any given sampling site. Field geologic activities should center around these deposits, and 
samples from each of these melt units should be collected for thermochronologic study, 
relying on the high spatial resolution techniques (i.e. in situ 40Ar/39Ar laser ablation) to 
differentiate between multiple impact events. It is demonstrated in Mercer et al. (in prep) 
that these techniques are sufficient to distinguish between multiple impact events and 
these types of analyses will be valuable in identifying SPA-derived material. 
 While sampling boulders represent a valuable way to access potentially hazardous 
areas, melt in larger outcrops in the central uplift of structures like Schrodinger should 
also be considered. Detailed mapping of these deposits is crucial to give the robotic or 
human explorer necessary context to identify the oldest melt deposits. It is likely that 
these melts, due to their age and history of subsequent bombardment, will be brecciated 
and rough compared to their younger and fresher counterparts. The presence of these 
characteristics, combined with their geologic context, should be a red flag for sampling 
activities. After identifying these units, geochemical analysis can provide higher-
resolution information about each melt deposit, allowing for more informed SPA 
sampling. 
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 4.6. Proposed Mission Concepts 
 
4.6.1. Sampling Schrodinger Basin 
In addition to providing age constraints for the old SPA basin, Schrodinger is the 
second youngest basin on the lunar surface. These studies point out that this provides the 
ability to provide age constraints on both ends of the lunar impact history. Several other 
mission concepts involving Schrodinger Basin being explored by a lander or rover 
controlled through teleoperations by a manned crew from the L2 Lagrange point have 
also been explored (Burns et al., 2012; Alkalai et al., 2013). 
All of these authors have noted the utility of high-resolution LROC images in 
planning traverses to collect SPA-derived material. While we also advocate for detailed 
advanced planning using LROC images combined with multispectral (and even Mini-RF 
data; Neish et al., 2014), it should also be noted that detailed geochemical analysis in situ 
is likely to be crucial for high-quality sample collection. Due to the distinctive 
geochemical characteristics of the SPA melt sheet, it is possible that, should these melts 
outcrop in central peaks of younger structures, this unique geochemical signature is 
distinguishable using handheld in situ technologies (e.g., Young et al., 2014b). While 
more investigations are needed to determine the effectiveness of such technologies in 
differentiating between multiple generations of impact melt with bulk rock chemistries 
and mineralogies similar to the SPA target region, prior applications of this tool show 
great potential (Young et al. 2012). Such technologies should be included on a SPA 
sampling mission. 
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 4.6.2. The Proposed MoonRise Mission 
 One proposed SPA sampling mission, MoonRise (Jolliff et al., 2010), aims to send 
a lander to the SPA basin, collect a soil sample, and return that sample for analysis back 
on Earth. While this sample would no doubt inform the community about the 
geochemistry at that site, this mission strategy requires pinpoint targeting of 
unambiguous primary melt from SPA. The lander would need to set down on the surface 
within ~1 meter of SPA-derived melts (in order to reach out and grab a sample without 
moving from the landing spot). Due to current technology limitations, it is impossible to 
guarantee a landing site to that exact specification (planetary missions involve landing 
ellipses that are traditionally large areas free of obstacles that could harm the lander or 
rover).  
 
4.6.3. Considering the Alternatives 
Extraterrestrial sample return is traditionally enabled by one of three options: 
landers, rovers, and human crewed missions. The simplest and least expensive of these 
alternatives would be a lander such as that proposed for a future SPA mission (MoonRise; 
Jolliff et al., 2010). To be effective at acquiring SPA primary melt suitable for 
geochronology, we believe that the lander must be targeted with great accuracy to a safe 
landing site that also offers access to probable SPA melt. The first requirement would 
seem to preclude terraced crater walls, but some central uplifts of younger impact 
structures may feature sufficiently smooth topography for safe landing. The safest 
landings may be on SPA melt pond fragments if they can be identified. We suggest that a 
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 lander that is not carefully targeted with impact melt geochronology in mind might well 
not provide a suitable sample of SPA primary melt.  
The mobility of a robotic mission that includes roving capability substantially 
increases the probability of successfully returning suitable samples for dating. The design 
of such a rover should feature performance specifications that permit sample collection 
from within the central peaks or terraced walls of younger impact structures, 
characteristics that may be difficult to meet with technologies currently at high technical 
readiness levels (Hurwitz and Kring, 2014). It may be possible to sample boulders eroded 
from these structures (similar to those sampled during the Apollo 17 mission; Fig. 1) 
assuming it is evident that these boulders are sourced from promising melt outcrops.  
Still, the ideal scenario would involve sending a human crew to the lunar surface. 
Their cognitive abilities combined with the speed and range of geologic exploration by 
humans (Hodges and Schmitt, 2011), seem likely to optimize the probability for colleting 
the best samples for SPA geochronology.  
Regardless of the style of mission undertaken, landing sites must be targeted 
carefully with geochronology in mind, using available remote sensing data to identify 
highest priority landing sites. Lunar Reconnaissance Orbiter Camera scenes have 
demonstrated the capacity of high-resolution imagery to identify and map melt ponds, 
and radar images may provide improved resolution of melt flow geometry (Hurwitz and 
Kring, 2014; Neish et al., 2014).  Ultimately, sample selection will need to be guided by 
even higher resolution surface imagery and in situ analytical tools that provide real-time 
indications of the bulk chemistry of potential target materials 
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 4.7. Conclusions 
The South Pole-Aitken Basin is the Moon’s largest, deepest, and oldest identified 
impact structure. Previous estimates have dated the structure to > 4.2 Ga (Wilhelms et al., 
1987; Garrick-Bethell et al., 2008). These estimates, however, are based on 
photogeologic mapping from orbital data and the dating of samples that are not 
conclusively SPA-derived materials. Sample return from the SPA Basin is necessary to 
provide more rigid age constraints for the structure. Tightly constraining this age will 
provide absolute brackets for the currently widely used crater counting techniques 
(Neukum et al., 2001) as well as enable us to learn much more about the cratering history 
of our planet, its moon, and the rest of the rocky planets. We advocate that the ideal 
sampling mission include a human crew trained to identify samples with multiple melt 
generations present. This crew will be familiar with detailed LROC images and 
comprehensive multispectral data provided by the numerous orbiters previously and 
currently in operation around the Moon. The ideal sampling location would be craters 
such as Zeeman and Schrodinger Basin that show evidence for excavation down to the 
SPA melt sheet. Previous geochronologic analysis shows that material excavated from 
underlying technologies and deposited in younger structures’ central peaks can retain 
their original crystallization age, meaning that melts sampled from Zeeman and 
Schrodinger can possibly yield the age of the SPA event. Detailed sampling should 
include thorough evaluation of impact melt found in the central uplifts of these structures. 
Comprehensive mapping should be completed on all melt deposits along with detailed in 
situ geochemical analysis. SPA-derived melts were generated deep in the lunar crust, 
making them chemically distinct from their younger counterparts. Exhaustive 
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 examination of any outcrop containing multiple melt generations yields the best chance to 
collect SPA-derived melt material. It is likely that the freshest melts were generated most 
recently (as they have not had the time to be fragmented and altered) meaning that the 
oldest and most weathered melt material should be a high sampling priority. These 
strategies give explorers the best opportunity to investigate the absolute impact age of the 
South Pole-Aitken basin. 
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 CHAPTER 5 
INTRODUCING THE HANDHELD X-RAY FLUORESCENCE SPECTROMETER AS 
A POTENTIAL CANDIDATE INSTRUMENT FOR FIELD GEOLOGIC 
INVESTIGATIONS ON EARTH AND IN PLANETARY SURFACE EXPLORATION 
 
5.1. Abstract 
X-ray fluorescence (XRF) spectroscopy is a well-established and frequently used 
technique in obtaining diagnostic compositional data on geological samples. Recently, 
developments in X-ray tube and detector technologies have resulted in miniaturized, 
field-portable instruments that enable new applications both in and out of standard 
laboratory settings.  Several companies (e.g. ThermoScientific, Bruker, and Delta) have 
led the way in developing handheld XRF instruments for use in industrial, commercial, 
and scientific applications such as ore discovery, spot-checking in production plants, 
archaeological exploration, and environmental analysis (Shrivastava et al., 2005; Markey 
et al., 2008; Margui et al., 2012; among many others).  This study, however, investigates 
the feasibility of using new, smaller, field-portable XRF instruments to enhance 
terrestrial field geology, with potential applications in planetary surface exploration 
missions. Using this handheld technology, we evaluate the feasibility of collecting 
scientifically meaningful data under a variety of conditions by testing samples of known 
composition, uniform and small grain size, and a variety of surface textures (both smooth 
sawed and variably rough surfaces) to better understand necessary sample preparation 
constraints. We also show test data collected on a number of dates spread over two years 
to help us understand instrument stability over time. Finally, after calibrating the 
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 handheld XRF against a well-defined suite of terrestrial volcanic standards, we deploy 
the instrument on a collection of lunar samples to demonstrate the instrument’s 
applicability as a planetary exploration tool that can be used to collect semi-quantitative 
geochemical data on extraterrestrial samples. 
 
5.2. The Handheld XRF Spectrometer 
X-ray fluorescence (XRF) spectroscopy is an analytical technique used to 
measure the chemical composition of a sample. For decades, XRF instruments have been 
used in a laboratory setting to investigate samples for industrial, geochemical, and 
archaeological applications with great success (Shrivastava et al., 2005; Markey et al., 
2008; Margui et al., 2012; among many others). Recently, companies have recognized the 
merits of increasing the mobility of XRF instrumentation. By miniaturizing this 
technology, companies like Innov-X, ThermoScientific, and Bruker (among others) have 
made it possible to collect geochemical information in situ, in a field setting. Portable 
instruments that can be used easily in the field have great utility both in terrestrial 
applications (especially in remote locations where return trips are costly) and in a 
planetary exploration context (where little to no sample return is feasible). 
In order to miniaturize this technology, changes from the original bench-top or 
laboratory instrument configurations were made in both X-ray tube and detector 
technology. While a traditional, laboratory XRF instrument contains an X-ray tube 
capable of producing 50-100W of power, the handheld, battery-powered instruments are 
generally less than 4W, making the instruments safer to handle but also decreasing the 
signal, and in turn lowering the precision of the instrument. A lengthy sample preparation 
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 protocol is implemented before laboratory wavelength dispersive spectroscopic XRF 
analysis (Jenkins et al., 1995, Jenkins et al., 1999; Beckhoff et al., 2006). Samples are 
typically powdered and mixed to achieve a uniform sample composition and then  
pressed with a binder or fused into a wafer. In contrast, extensive sample preparation is 
not required for hXRF Energy Dispersive Spectroscopy (EDS) analysis, enhancing the 
practicality of deploying this instrument in the field. Due to the lower beam energies 
associated with the handheld configuration, the returning secondary X-rays also have 
lower energies, making it more challenging to detect and measure the lighter elements. 
The secondary emissions must also return through the instrument window, which are 
typically made of either kapton or prolene. Prolene is more transparent to the lighter 
elements, but it is also more fragile and easily broken. Detector size also plays a part in 
data quality. Silicon drift detectors, used in handheld technology, have large surface areas 
and lower, better resolutions than their alternatives, meaning that they can differentiate 
between the broader X-ray peaks. 
The data presented in this study were collected using an Olympus Innov-X 
DELTA Premium Handheld XRF Analyzer. Weighing roughly four pounds, the 
instrument is equipped with a rechargeable Li-ion battery, a large-area silicon drift 
detector (with a resolution of approximately 185 eV), and a 4W Rh anode X-ray tube that 
provides the excitation source. The specific X-ray tube geometry and variable excitation 
source configurations allows for semi-quantitative (in that the measurements are not as 
precise as a laboratory-sized instrument) analysis of a large range of the periodic table.  
However, the low energies of light elements – specifically those lighter than Mg – 
preclude accurate detection and measurement with this system.  Noble gasses are also not 
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 measurable, nor are actinides heavier than Pu. This will be further discussed in the 
following sections. 
 
5.3. Methods 
 
5.3.1. Sample Selection and Calibration 
Per the recommended protocol provided by the vendor, we monitored instrument 
stability by measuring Fe K-α counts on a 316 stainless steel coin every day of use. In 
order to understand the instrument’s capabilities, and calibrate this instrument using a 
specific set of standards, we analyzed a suite of well-characterized samples and created a 
set of calibration curves for the major element oxides except for Na2O, which was too 
light to be measured on this instrument. Our standard samples were loaned from Dr. 
Richard Morris’ Spectroscopy and Magnetics lab, which houses all standards for the 
Mars rover instruments tested at NASA’s Johnson Space Center. The standard sample 
suite is comprised of five relatively unaltered, fine-grained, massive volcanic rocks 
ranging from andesitic composition to Si-undersaturated basalts. Our goal was to choose 
samples with a low amount of sample heterogeneities (i.e. large phenocrysts or vesicles). 
The analysis footprint for the hXRF is 8mm2 (the size of the instrument’s prolene 
window) and the geochemical footprint of that size for a phenocryst-rich sample would 
be widely varied across just one hand sample as a function of size and abundance of 
phenocrysts found in each analysis footprint. Selecting samples that minimized these 
geochemical irregularities allowed us to isolate whether the instrument itself had any 
signal inconsistencies. The sample standards analyzed include HWHL100 (Hawaiian 
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 basalt from Hualai volcano), CP-5 (Columbia River basalt), BPNTX1 (basalt from Pilot’s 
Knob, Texas), WIME101 (basalt from Mellen Quarry, Mellen, Wisconsin), and 
TMGNV5 (andesite from Table Mountain, Goodsprings, Nevada). We were provided 
with detailed compositional information on each sample, data that were produced by 
Franklin and Marshall College’s PANalytical 2404 X-ray fluorescence vacuum 
spectrometer. 
With data collected via the hXRF on this sample suite of terrestrial volcanic 
standards, we constructed calibration curves for each major element oxide (SiO2, TiO2, 
Al2O3, Fe2O3, MnO, MgO, CaO, K2O, and P2O5) using the energy spectrum built from 
the emitted raw counts measured with the hXRF and measured element oxide content 
reported from the laboratory XRF.  These curves, and their linear regressions, are shown 
in Figures 1a-1i. Operating the instrument using the INNOV-X proprietary software’s 
two-beam mining mode, we empirically determined that a 60-second analysis time was 
sufficient to provide reasonably accurate data (analytical precision is <3% for the most 
part), and still be operationally feasible for different field configurations. Output for each 
60-second analysis included the energy spectrum of the returning secondary X-ray. For 
each element of interest, we took the maximum number of counts from the energy peak 
representing that element’s K-α emission (or in the case of broad emission peaks, we 
averaged those values forming the peak). In Figures 5.1a-5.1i, we plot those counts 
versus the reported weight percent oxide obtained using the laboratory XRF instrument. 
A linear regression was performed to produce a calibration curve for each major element 
oxide. Using these calibration curves, we were able to calculate weight percent oxide for 
each major element on all raw count data for all future analyzed samples. As shown in 
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 Figures 5.1a-5.1i, there are discrepancies in the quality of these calibration curves. 
Calibrations for SiO2, CaO, TiO2, and K2O are relatively robust when compared to the 
calibration curves for P2O5, MnO, and Fe2O3. The reason for these differences can be 
traced to the suite of standards analyzed. The spread of five sample standards do not have 
great variety in the compositions of MnO and Fe2O3, meaning that the data points for 
these oxides cluster fairly closely together, resulting in poorer calibration curves. The 
greater spread in data for P2O5 is likely due to the low concentrations of this oxide in all 
five sample standards, resulting in poor counting statistics. For oxides such as SiO2, CaO, 
TiO2, and K2O, however, the curves are well-defined. We subsequently tested these 
calibration curves on a suite of Apollo lunar samples (Allen et al., 2010). By collecting 
raw count data for each major element (except Na) for these 18 samples (which include 
breccias, basalts, and impact melts), converting these data to weight percent oxide using 
our empirically derived calibration curves, and comparing these calculated values to 
values reported in the literature, we provide an independent test on both the instrument’s 
accuracy and the accuracy of the calibration curves shown in Figure 5.1. All of the data 
we collected on the lunar reference suite are shown in Table 5.2. It should also be noted 
that as a test to insure the instrument was providing us with accurate data over its 
lifetime, we collected data on our established set of sample standards on five separate 
dates spanning two years. These data are shown in Table 5.1. 
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 Figure 5.1a. MgO Calibration Curve 
 
Equation for the line: y = 0.1872x – 8.7417 
R2 = 0.78079 
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 Figure 5.1b. CaO Calibration Curve 
 
Equation for the line: y = 0.0005x – 2.2624 
R2 = 0.93534 
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 Figure 5.1c. SiO2 Calibration Curve 
 
Equation for the line: y = 0.0041x + 15.52 
R2 = 0.9364 
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 Figure 5.1d. MnO Calibration Curve 
 
Equation for the line: y = 0.0002x – 0.0258 
R2 = 0.31867 
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 Figure 5.1e. Fe2O3 Calibration Curve 
 
Equation for the line: y = 0.0005x – 2.8979 
R2 = 0.81561 
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 Figure 5.1f. TiO2 Calibration Curve 
 
Equation for the line: y = 0.0005x – 0.5738 
R2 = 0.97411 
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 Figure 5.1g. K2O Calibration Curve 
 
Equation for the line: y = 0.0005x – 0.2821 
R2 = 0.95689 
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 Figure 5.1h. Al2O3 Calibration Curve 
 
Equation for the line: y = 0.0113x + 4.8724 
R2 = 0.76047 
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 Figure 5.1i. P2O5 Calibration Curve 
 
Equation for the line: y = 0.0017x – 0.2231 
R2 = 0.32099 
 
Figures 5.1a-5.1i. Calibration curves based on hXRF data collected during summer 
2010. These curves formed the basis for the conversion from raw instrument counts to 
calculated weight percent oxides for the nine major elements discussed in this study. 
Error bars are all 2σ and errors on the reported oxide weight percent are smaller than the 
symbols shown. 
 
 
 
 
 
 
? ??? ??? ??? ??? ??? ???
?????????????????????????
???
???
???
???
???
???
???
???
???
?
??
??
??
??
?
??
??
??
??
??
???
??
??
??
???? ??????????????????
84
  
5.3.2. Physical Deployment of Instrument 
While these handheld XRF instruments are typically designed for field 
deployment, multiple instrument configurations are possible. The nominal field 
configuration allows the user to carry the instrument either in hand, in a carrying case, or 
even in a belt-mounted holster for easy access. When a sample of interest is identified, 
the hXRF must be placed so that the detector window (8mm2) at the front of the 
instrument is flush with the sample. The second configuration, and the one in which the 
majority of our data was collected, involves mounting the instrument in a housing case 
designed by the instrument manufacturers. The compartment on top is intended for 
sample placement and radiation containment. The sample must again be closely aligned 
to the detector sample window to allow for a direct X-ray path into the detector through 
the prolene window. The lid of the compartment is then closed, allowing for containment 
of any errant X-rays that do not make it to the detector. A cable is connected from the 
hXRF to a nearby computer, from which the user can control the triggering and data 
management screens. Instrument conditions such as beam firing times, testing mode, etc. 
can all be manipulated at all. The user can also view and export any and all data from this 
computer. After the 60 seconds of data collection are complete, the user can open the 
compartment and either modify the sample’s presentation to the instrument’s window or 
switch samples entirely. The third and final configuration tested is mounting the hXRF in 
a glovebox, simulating test conditions found in Evans et al. (2013). 
The above calibration curves were based on the best possible sample surface and 
instrument geometries: smooth uniform surfaces enabling complete contact between the 
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 instrument and the sample surface. However, field applications will present less ideal and 
more variable sample surface geometries, making sample presentation an issue that could 
affect data quality. Should the user wish to deploy the instrument in the field (whether it 
be to break off a piece of an outcrop to collect geochemical data in hand sample or just to 
hold the hXRF directly to an in situ outcrop), data collected on a sample or outcrop with 
an uneven orientation could result in compromised data quality. To test the implications 
of collecting data on a sawed sample with no surface topography against data collection 
from a sample characterized by a high degree of surface roughness, we collected data on 
five sample standards that had both sawed and rough faces. We then compared the 
laboratory XRF data with the hXRF data for both the sawed and rough faces. Results are 
presented and discussed below. 
 
5.4. Data 
Analyses of all five terrestrial sample standards were performed over the course 
of two years (specifically, data were collected in July 2010, November/December 2010, 
June 2011, July 2012, October 2012; see Table 5.1). Through the instrument calibration 
technique discussed above, we converted raw counts for each major element (Si, Ti, Al, 
Fe, Mn, Mg, Ca, K, and P) measured on the hXRF into oxide weight percent. In Figures 
5.1a-5.1i, we show the calibration curves and regressions used to convert all raw counts 
measured on the handheld instrument into oxide weight percent for the nine major 
elements of interest. Data used to create these calibration curves were collected prior to 
the first analyses in July 2010. 
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 In order to investigate the degree to which each sample must be prepared in order 
to collect accurate data, we show data collected from the laboratory XRF as well as from 
the handheld instrument, but the hXRF data is broken down by surfaces that are both 
sawed and uncut, or rough (Figure2 5.2a-5.2e). By making this comparison, we evaluate, 
to a first order degree, the effect that sample preparation might have on data quality. We 
note that the scope of this research precluded full characterization of surface roughness in 
each sample. 
 
Figure 5.2a. Sample CP-5: Sawed versus Rough 
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 Figure 5.2b. Sample HWHL100: Sawed versus Rough 
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 Figure 5.2c. Sample BPNTX1: Sawed versus Rough 
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 Figure 5.2d. Sample WIME101: Sawed versus Rough 
 
 
 
 
 
 
 
 
 
 
 
???? ???? ????? ????? ??? ??? ??? ??? ????
?????
?
??
??
??
??
??
?
??
??
???
??
??
??
??
??
??
??????? ??????
90
 Figure 5.2e. Sample TMGNV5: Sawed versus Rough 
 
Figures 2a-2e. Plot showing comparisons for the nine major elements of interest. Data 
from the laboratory XRF, hXRF on sawed surfaces, and hXRF on rough surfaces are 
compared. Error bars represent ±2σ. If the error bars are not visible, the errors are too 
small for that point to be visible. 
 
Finally, we investigate the utility of deploying hXRF technology on a suite of 
extraterrestrial samples that have been well characterized (Allen, 2010). The suite 
includes 19 Apollo samples located at the NASA JSC Lunar Experiment Laboratory that 
were analyzed using the hXRF. These data were compared to those obtained by standard, 
laboratory-based geochemical analysis by several investigators and compiled in the Lunar 
Sample Compendium (Accessed March 2014). These comparisons are shown in Table 
5.2. We also highlight this comparison by dividing the laboratory-reported weight percent 
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 oxide values by the hXRF data and plotting it on the major element plot shown in Figures 
5.3a-5.3c. The farther the variation from 1, the less correlated the handheld data is to the 
laboratory values. The individual curve colors correspond to rock type (breccia, basalt, 
impact melt, and anorthosite). It should be noted that some of the curves do not have 
values for each major element oxide. This is due both to a lack of data in the literature for 
some samples as well as counts that are so low for some elements that the conversions 
result in inaccurate oxide weight percent values. 
 
Figure 5.3a. Major element plot for seven lunar breccias 
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 Figure 5.3b. Major element plot for seven lunar basalts 
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 Figure 5.3c. Major element plot for four lunar impact melts 
 
Figures 5.3a-5.3c. Major element plots for 18 lunar samples. The three major lithologies 
(breccia, basalt, impact melt) are shown in each subplot (3a-3c respectively).  
 
 
5.5. Discussion 
Table 5.1 gives the average weight percent oxide for each major element 
calculated on only sawed surfaces from each of the five standards on each of the five data 
collection dates (July 2010, November/December 2010, June 2011, July 2012, and 
October 2012) using the calibration curves in Figure 5.1 that were constructed with data 
collected in the Summer of 2010. When these values are compared both to one another 
and to the laboratory-reported values, we see the ability of the hXRF to provide accurate 
data. There is negligible instrument drift over the two years in which we collected data, 
demonstrating the reliability of the hXRF. One of the sources of error is likely due to 
location of the sampling spots over time – we did not precisely map analysis locations on 
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 each sample, so repetitive XRF analysis spots (the 8mm2 footprint of the instrument) are 
at different locations on the same sample. There are slight geochemical inconsistencies 
throughout each rock that will most likely show up, however slightly, in the XRF data, 
which is the variance shown in Table 5.1. It should be noted that the analytical 
uncertainty associated with hXRF work is typically one-two orders of magnitude higher 
than the reported lab values for most elements. 
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 Table 5.1. Comparison for five major data collection dates. Errors represent ±2SE. 
 
Element 
Oxides Date of Data Collection 
Lab XRF 
Oxide Wt. % 
Sample: CP-5 
 Summer 2010 Winter 2010 Summer 2011 Summer 2012 Winter 2012  
SiO2 51.57	  ±	  4.26	   54.54±	  3.20	   54.43±	  3.58	   54.28	  ±	  2.61	   53.55	  ±	  2.39	   54.23	  ±	  0.09	  
TiO2 2.12	  ±	  0.18	   2.20	  ±	  0.25	   2.27	  ±	  0.16	   2.22±	  0.15	   2.16	  ±	  0.18	   2.25	  ±	  0.00	  
Al2O3 13.33	  ±	  1.81	   14.29	  ±	  1.83	   14.39±	  0.92	   14.26	  ±	  1.17	   14.16	  ±	  1.03	   13.09	  ±	  0.03	  
Fe2O3 15.29	  ±	  1.02	   15.62	  ±	  1.13	   15.84±	  0.56	   15.37	  ±	  0.66	   15.09	  ±	  0.78	   13.92	  ±	  0.02	  
MnO 0.22	  ±	  0.04	   0.24	  ±	  0.19	   0.22±	  0.02	   0.22	  ±	  0.02	   0.22	  ±	  0.01	   0.22	  ±	  0.00	  
MgO 13.74	  ±	  3.06	   15.24	  ±	  3.77	   13.89	  ±	  3.43	   15.16±	  2.88	   13.81	  ±	  3.42	   3.41	  ±	  0.01	  
CaO 6.04	  ±	  0.38	   6.26±	  0.77	   6.47±	  0.49	   6.33	  ±	  0.33	   6.15	  ±	  0.44	   7.04	  ±	  0.01	  
K2O 1.74	  ±	  0.11	   1.74	  ±	  0.14	   1.78	  ±	  0.14	   1.74	  ±	  0.13	   1.71	  ±	  0.12	   1.66	  ±	  0.01	  
P2O5 1.02	  ±	  1.96	   0.59	  ±	  0.47	   0.40	  ±	  0.06	   0.47	  ±	  0.05	   0.61	  ±	  0.11	   0.39	  ±	  0.00	  
 n=10	   n=11	   n=10	   n=10	   n=9	   	  
Sample: BPNTX1 
SiO2 39.29	  ±	  2.54	   40.73	  ±	  3.40	   41.13	  ±	  3.16	   40.71	  ±	  2.78	   40.45	  ±	  2.58	   42.37	  ±	  0.07	  
TiO2 4.45	  ±	  1.89	   3.96	  ±	  0.43	   4.10	  ±	  0.29	   4.00	  ±	  0.28	   3.88	  ±	  0.20	   4.06	  ±	  0.00	  
Al2O3 10.48	  ±	  1.05	   10.62	  ±	  0.99	   10.55	  ±	  0.80	   10.64	  ±	  0.76	   10.65	  ±	  0.64	   9.93	  ±	  0.03	  
Fe2O3 19.49	  ±	  2.07	   18.61	  ±	  2.05	   18.51	  ±	  1.70	   18.18	  ±	  1.15	   18.00	  ±	  1.56	   14.83	  ±	  0.02	  
MnO 0.19	  ±	  0.01	   0.19	  ±	  0.02	   0.19	  ±	  0.01	   0.19	  ±	  0.02	   0.19	  ±	  0.01	   0.23	  ±	  0.00	  
MgO 14.95	  ±	  1.75	   18.44	  ±	  9.75	   21.85	  ±	  3.18	   14.40	  ±	  3.26	   14.08	  ±	  2.87	   12.95	  ±	  0.02	  
CaO 11.27	  ±	  2.09	   11.51	  ±	  1.73	   11.70	  ±	  0.61	   11.51	  ±	  0.86	   11.28	  ±	  0.86	   13.04	  ±	  0.02	  
K2O 0.05	  ±	  0.27	   0.18	  ±	  0.16	   0.14	  ±	  0.05	   0.15	  ±	  0.07	   0.15	  ±	  0.04	   0.35	  ±	  0.00	  
P2O5 0.75	  ±	  0.23	   0.69	  ±	  0.12	   0.62	  ±	  0.07	   0.71	  ±	  0.09	   0.66	  ±	  0.11	   0.66	  ±	  0.01	  
 n=9	   n=9	   n=10	   n=14	   n=9	   	  
Sample: WIME101 
SiO2 
No Data 
Collected 
46.23	  ±	  2.47 47.53	  ±	  1.20 44.87	  ±	  2.09 45.15	  ±	  1.85 47.20	  ±	  0.09 
TiO2 1.51	  ±	  0.17 1.61	  ±	  0.19 1.51	  ±	  0.13 1.47	  ±	  0.11 1.59	  ±	  0.00 
Al2O3 14.82	  ±	  1.04 15.03	  ±	  1.00 14.19	  ±	  0.87 14.49	  ±	  0.88 15.04	  ±	  0.05 
Fe2O3 18.01	  ±	  1.08 18.04	  ±	  0.92 17.38	  ±	  1.09 17.40	  ±	  1.05 14.41	  ±	  0.01 
MnO 0.21	  ±	  0.01 0.21	  ±	  0.01 0.21	  ±	  0.01 0.21	  ±	  0.01 0.21	  ±	  0.00 
MgO 16.62	  ±	  4.12 19.81	  ±	  4.72 14.60	  ±	  1.86 14.66	  ±	  3.86 7.50	  ±	  0.02 
CaO 10.66	  ±	  0.46 11.20	  ±	  0.32 10.76	  ±	  0.33 10.61	  ±	  0.66 10.35	  ±	  0.01 
K2O 0.34	  ±	  0.21 0.35	  ±	  0.08 0.33	  ±	  0.12 0.35	  ±	  0.09 2.18	  ±	  0.01 
P2O5 0.58	  ±	  0.16 0.39	  ±	  0.06 0.58	  ±	  0.10 0.64	  ±	  0.10 0.15	  ±	  0.00 
 n=11 n=14 n=7 n=8  
Sample: TMGNV5 
SiO2 
No Data 
Collected 
60.29	  ±	  3.27 63.69	  ±	  5.58 59.50	  ±	  4.38 59.00	  ±	  4.11 61.79	  ±	  0.12 
TiO2 0.79	  ±	  0.10 0.56	  ±	  0.09 0.70	  ±	  0.19 0.71	  ±	  0.16 0.54	  ±	  0.00 
Al2O3 16.70	  ±	  1.16 17.80	  ±	  1.70 16.91	  ±	  1.27 16.50	  ±	  1.54 16.93	  ±	  0.05 
Fe2O3 7.63	  ±	  0.44 5.79	  ±	  0.60 6.67	  ±	  1.36 6.86	  ±	  1.28 4.87	  ±	  0.00 
MnO 0.16	  ±	  0.01 0.17	  ±	  0.03 0.16	  ±	  0.02 0.16	  ±	  0.01 0.11	  ±	  0.00 
MgO 21.42	  ±	  4.36 19.83	  ±	  5.05 17.49	  ±	  2.14 17.37	  ±	  1.31 2.22	  ±	  0.00 
CaO 4.95	  ±	  0.24 2.85	  ±	  0.32 3.85	  ±	  1.90 4.18	  ±	  1.78 4.00	  ±	  0.00 
K2O 4.42	  ±	  0.19 5.33	  ±	  0.45 4.75	  ±	  1.00 4.60	  ±	  1.01 4.85	  ±	  0.03 
P2O5 0.55	  ±	  0.27 0.36	  ±	  0.06 0.41	  ±	  0.15 0.64	  ±	  0.08 0.46	  ±	  0.01 
 n=7 n=8 n=8 n=6  
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Sample: HWHL100 
SiO2 45.26	  ±	  1.67 46.69	  ±	  2.44 
No Data Collected 
42.09	  ±	  2.48 46.49	  ±	  1.56 47.06	  ±	  0.09 
TiO2 3.01	  ±	  0.10 3.12	  ±	  0.27 2.87	  ±	  0.20 3.08	  ±	  0.26 3.04	  ±	  0.00 
Al2O3 14.63	  ±	  0.55 14.64	  ±	  1.89 13.41	  ±	  1.06 14.76	  ±	  0.62 14.67	  ±	  0.04 
Fe2O3 15.24	  ±	  0.45 15.85	  ±	  2.34 14.44	  ±	  1.25 15.42	  ±	  1.08 14.57	  ±	  0.01 
MnO 0.19	  ±	  0.01 0.19	  ±	  0.04 0.20	  ±	  0.02 0.19	  ±	  0.00 
MgO 13.68	  ±	  2.73 14.57	  ±	  6.18 13.40	  ±	  4.67 13.24	  ±	  1.94 5.88	  ±	  0.01 
CaO 9.82	  ±	  0.30 9.64	  ±	  1.20 8.93	  ±	  0.45 9.73	  ±	  0.47 9.87	  ±	  0.01 
K2O 1.12	  ±	  0.06 1.11	  ±	  0.14 1.04	  ±	  0.11 1.13	  ±	  0.12 1.15	  ±	  0.01 
P2O5 0.59	  ±	  0.05 0.60	  ±	  0.11 0.52	  ±	  0.08 0.64	  ±	  0.08 0.38	  ±	  0.00 
 n=8 n=13 n=7 n=7  
 
 
When the instrument is used in settings where time and resources are limited 
(whether it be on a planetary surface mission or in a more traditional terrestrial field 
geology scenario), minimal sample preparation is ideal. Figure 5.2 shows the laboratory 
XRF data compared with hXRF data collected on both rough and sawed faces of the 
same sample standards. The data collected on the sawed surfaces were much closer to the 
“ideal”, or data collected in optimal conditions by the laboratory instrumentation. 
However, the data from the rough, un-sawed surfaces still give the user a rough idea of 
the sample’s geochemistry. We argue that, in conditions where fresh but uncut surfaces 
are the only option, the hXRF is still valuable in enhancing contextual awareness real-
time in the field. When the user is deciding which surface to present to the instrument, 
these results should be considered and the flattest surface should be analyzed, assuming 
that this surface is fresh and representative of the sample as a whole (i.e. no large 
phenocrysts, weathering products, vesicles, etc.). 
Field geologists explore an area of interest in part through careful examination of 
the lithology of all rock units found at that site. Weathering on planetary surfaces can 
have a dramatic effect on the surfaces of these units, chemically altering the surface 
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 composition through interaction with rainwater and snowfall. It is important when 
exploring an area that the geologist examines the fresh, unweathered face of a target rock 
to ensure proper sample interrogation. This problem was recognized in the rover missions 
to Mars, mitigated by the Rock Abrasion Tool (RAT) on the Mars Exploration Mission 
rovers, Spirit and Opportunity. Each rover is equipped with a RAT, designed to drill 
underneath the thick layer of dust that coats most exposed rocks on the surface of Mars. 
This tool was included to provide for the geochemical examination of fresh rock surfaces 
(Bartlett et al., 2005). The same principles hold true for XRF analysis. Unless research 
goals are aimed at investigating weathering rinds and surfaces, at least some sample 
preparation will required to ensure data collection on a fresh surface. In addition to 
ensuring that a fresh surface is presented to the hXRF instrument, the orientation and 
roughness of this surface is important. A sample characterized by a high degree of 
surface topography will not allow the user to ensure that the sample is flush with the 
instrument’s window, effectively increasing the distance between the sample and the 
detector, and decreasing the potential signal that is received by the detector.   
Another goal of establishing the hXRF as a viable geochemical tool is to deploy 
this technology on a planetary surface exploration mission and use it to collect 
meaningful data on extraterrestrial samples. Table 5.2 and Figure 5.3 show hXRF results 
on extraterrestrial samples brought back from the Moon during the Apollo program. The 
lunar samples analyzed in this study have been well-characterized using laboratory XRF 
analysis (Allen et al., 2010). Our results, shown in Table 5.2, indicate that the hXRF is 
capable of providing reliable data on extraterrestrial samples. Had the Apollo astronauts 
who collected these samples had this instrument with them in the field, they would have 
98
 gained real-time contextual awareness for their geologic surroundings, which could have 
altered their traverse activities. A later study will simulate the effect the hXRF would 
have on a planetary surface mission with pre-designed traverse plans. Table 5.2, however, 
demonstrates that this instrument provides rapid, diagnostic geochemical data on samples 
collected during exploration traverses on the Moon. 
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 Table 5.2. Data for l8 lunar samples. Laboratory data is compared to handheld XRF 
data. (ND: No Data) 
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References for Table 5.2. Compston et al., 1971; Cuttitta et al., 1973; Duncan et al., 
1973; Maxwell et al., 1970; Rhodes et al., 1976; Rose et al., 1973; Ryder and Schuraytz, 
2011; Taylor et al., 1972; and Willis et al., 1971. 
 
The data collected on the lunar suite are presented in a major element plot in Figs 
5.3a-5.3c. Points plotting farther away from the horizontal line that represents the ratio 
for Xlab/Xhandheld  = 1 is indicative of a hXRF value that is farther away from its laboratory 
counterpart. The curves corresponding to the seven basaltic samples (Fig. 5.3a) have the 
least variation between the lab and handheld values, and provide a measure of how well 
the instrument responds under ideal circumstances with homogenous samples. This is not 
unexpected – both the composition and the homogenous nature of these basalts are 
similar to the terrestrial samples that we used to build our calibration curves. The four 
impact melt samples (Fig 5.3c) have even more geochemical variety due to the 
compositional differences between melt matrix and entrained clasts as well as because of 
potential consecutive impact events, meaning that it is possible these melts represent 
multiple phases of melt generation. Mercer et al. (2014) demonstrated that it is possible 
for one lunar sample to record the history of multiple impact events. If each subsequent 
impact event created impact melt that was even slightly geochemically distinct from the 
previous impact event, these heterogeneities may be reflected in their compositional 
signature. 
The major element plots shown in Figures 5.3a-5.3c also illustrate the amount of 
variation for each major element. While some element oxides (i.e. SiO2, TiO2, and even 
Al2O3) are fairly reliable when compared to laboratory values (as evidenced by the data 
for these elements clustering close to a ratio of 1), other element oxides (such as MgO, 
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 K2O, and P2O5) vary from the laboratory values to a greater degree. The spread in 
measured MgO amounts is most likely related to the fact that Mg detection is at the edge 
of our hXRF instrument capabilities.  The variance in MnO, K2O and P2O5 relates 
directly to the small concentrations contained in these basaltic samples, so that small 
analytical differences in measurements using our hXRF result in a greater ratio.  
 
5.6. Conclusions 
Though prior industrial applications of handheld XRF systems have proven 
successful (Potts et al., 2005; Potts and West, 2008; Phillips and Speakman, 2009; 
Liritzis and Zacharias, 2010; Zurfluh et al., 2011), these instruments are rarely used by 
field geologists. Our work shows that hXRF is a viable method for producing basic 
geochemical analyses during field mapping exercises with results that are generally 
comparable with laboratory XRF results for most elements, albeit with lower precision. 
Measurements made on outcrop surfaces are extremely rapid and yield results that can 
help inform lithologic correlations during fieldwork. When desirable, some on-site 
sample preparation (such as breaking and smoothing fresh surfaces) can improve the 
precision and accuracy of hXRF results. Handheld XRF data may be especially valuable 
for determining which samples to collect for further geochemical or geochronological 
analysis. For example, rapid high-grading of volcanic rocks with relatively high K2O 
contents prior to collection may substantially improve the quality of subsequent 40Ar/39Ar 
geochronologic studies of collected samples.  
In the future, small portable or handheld XRF instruments could prove extremely 
useful for missions of scientific exploration in the inner Solar System. Such instruments 
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 on missions that employ rovers could communicate relatively precise geochemical data 
back to Earth for adaptive traverse planning, and could inform sample collection and 
archiving for future return to Earth. Rapid contact analysis by hXRF may be especially 
desirable for use by astronaut geologists given the tight time constraints of extravehicular 
activity (Hodges and Schmitt, 2011).  
Despite the promise of hXRF for use in field geologic investigations, this 
technology should still be regarded as a work in progress. Beneficial technological 
advances would include an expansion of the number of elements that can be analyzed, 
increases in detection limits, and improvements in analytical precision. Sodium, for 
example, is too light to accurately measure with current hXRF instrumentation, and our 
data demonstrate that it is difficult to reliably measure Mg. Commercial manufacturers of 
hXRF instruments are refining their products and we anticipate that future instrument 
development iterations will be guided by the needs and operational experiences of an 
expanding scientific user base.   
Our tests focused on major element compositions of fine-grained basaltic rocks.  
More work is required to define operational parameters appropriate for a wider range of 
lithologies. In addition, we know little as yet regarding the best practice for measuring 
trace elements. Future work also should focus on refining sampling protocols that benefit 
from hXRF instrumentation. This would include developing algorithms for quickly 
ingesting the data outputs from the hXRF and reducing them to produce reliable 
geochemical fingerprints for a variety of rock types in real time. Our instrument’s 
software interfaces were developed for industrial applications and did not directly yield 
meaningful data such as lithologic classification.  The data we collected were time 
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 consuming to reduce, and the procedure would be too inefficient for large quantities of 
samples. Having demonstrated that sample preparation and presentation has an important 
effect on the quality of hXRF data, we suggest that hXRF technological advances should 
co-evolve with the development of integrated sample preparation tools – perhaps similar 
to the Rock Abrasion Tool on the Mars Exploration Rovers. With these instrument and 
operational improvements, the use of handheld, field-friendly geochemical tools can 
revolutionize terrestrial field geology and become critical tools for future planetary field 
explorers. 
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 CHAPTER 6 
CONCLUDING REMARKS 
6.1. Conclusions 
 This dissertation represents the results of a study designed to evaluate how 
terrestrial analogs might be used to prepare for the planetary surface exploration of the 
inner Solar System. Specifically, two terrestrial impact craters are investigated in order to 
evaluate the use of two thermochronologic systems ((U-Th)/He and 40Ar/39Ar) in 
providing robust age constraints on impact events. Additionally, sampling strategies are 
discussed that will provide assistance in gaining a clearer picture of the bombardment 
timing of the Moon as a proxy for the entire inner Solar System. Finally, handheld X-ray 
fluorescence (hXRF) technology is evaluated as a potential tool to be included on 
planetary surface missions. 
 Chapter 2 reports results for the (U-Th)/He dating of the Haughton impact 
structure, located in Labrador, Canada (Young et al., 2013). The published age 
discrepancy for Haughton (Omar et al., 1987; Jessberger, 1988; Sherlock et al., 2005) is 
resolved. I report a (U-Th)/He age for Haughton of 23.5 ± 2.0 Ma, an age within error of 
the ages published by both Omar et al. (1987) and Jessberger (1988). I also report on 
thermal modeling conducted to investigate the resetting kinematics of the (U-Th)/He, 
40Ar/39Ar, and U-Pb systems in an impact event. Using relationships defined in Watson 
and Cherniak (2013), the three stages of impact events (contact/compression, excavation, 
and post-impact hydrothermal activity and alteration; Melosh, 1989) are examined in the 
context of how long the temperatures associated with each of these stages would have to 
persist in a dateable mineral phase in order to reset the thermochronologic system of 
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 interest. Results indicate that the zircon, apatite, and titanite (U-Th)/He chronometers 
should be the most useful chronometers in impact environments, especially at those 
structures without substantial impact melt production or in small structures where heat 
production would not have been high. In larger structures or in areas where extensive 
melt formed and slowly cooled, the higher-temperature chronometers (i.e. U-Pb) still 
provide a precise method with which to provide accurate age constraints. (Young et al., 
2013). 
 In Chapter 3, I move to a second Canadian impact structure, Mistastin Lake, 
located in Labrador. This structure has been identified as an analog to the South Pole-
Aitken Basin (SPA) due to its analogous target lithologies (Mader et al., 2010), making it 
a valuable location with which to refine the dating techniques employed to date impact 
structures with extensive impact melt formed from a dominantly anorthositic target. 
While a previous study (Mak et al., 1976) provides one age constraint for Mistastin (36 ± 
4 Ma), these data were ambiguous and hard to interpret. In this chapter, I present results 
from (U-Th)/He and 40Ar/39Ar dating of the Mistastin Lake structure. The thirty-two 
dated zircons yielded several populations of data, distinguishable in the field due to their 
different collection locations. While zircons isolated from the rim, central uplift, and any 
location that is not directly proximal to impact melt deposits showed dates that were only 
partially reset from the Precambrian target age, all zircons isolated from impact melt or 
from target rock draped in melt (n=15) yielded what I argue is the (U-Th)/He impact age 
of 35.8 ± 1.0 Ma (2σ). Interestingly, the zircons dated from the central uplift were barely 
reset from the target rock age, suggesting that the uplift and deposition of these rocks 
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 occurred late in crater formation after the majority of impact-induced heat had dissipated 
out of the area. 
 Following the (U-Th)/He analysis of Mistastin, six impact melt sections were 
isolated from four samples. The two primary melt sampling lithologies were Cote Creek 
(located on the western shore of Lake Mistastin, which infills the crater cavity) and 
Discovery Hill (an 80 m tall impact melt deposit on the southern shores of Lake 
Mistastin). The Cote Creek data show a weighted mean age of 41.24 ± 1.40 Ma (n=33, 
2σ) while the Discovery Hill data yield a weighted mean age of 33.12 ± 1.20 Ma (n=55, 
2σ). I argue that the older Cote Creek age is due to the presence of numerous clasts in 
these samples. While laser ablation sites were carefully targeted to avoid visible clast 
material, it is likely that these clast-rich samples contained partially-reset clast material 
underneath the surface, pulling the age distribution to a slightly older age. The 40Ar/39Ar 
laser microprobe age for the Mistastin Lake impact structure is 36.6 ± 2.0 Ma (n=88, 2σ). 
 Sampling and dating the SPA basin has been identified as a top exploration 
priority for the inner Solar System (NRC, 2007). As the oldest basin on the lunar surface, 
providing a robust age for this structure is crucial in constraining the bombardment 
history of the Moon and of the inner planets. Due to the repeated impacts that have 
landing in or near SPA, however, any visible melt ponds directly attributable to the SPA 
event has long been obscured. Using high-resolution Lunar Reconnaissance Orbiter 
Camera (LROC) images and multispectral data (Clementine), sites have been identified 
within the SPA basin where SPA-derived impact melts have potentially been excavated 
and deposited within Schrodinger Basin and Zeeman Crater (Yamamoto et al., 2009; 
Kring, 2013). In Chapter 4, I discuss sampling strategies for isolating SPA-derived melts 
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 on the lunar surface with the goal of returning samples to Earth for in situ 40Ar/39Ar laser 
microprobe analysis. 
 Finally, in Chapter 5, I introduce the handheld X-ray fluorescence (hXRF) 
spectrometer as a candidate technology for inclusion on a future planetary surface 
exploration mission. Previously employed in other applications (i.e. industry, mining, 
etc.), this tool represents a method with which a human crewmember or robotic explorer 
can obtain a quick (60-second) geochemical fingerprint of a sample of interest. Through 
calibration against a set of terrestrial sample standards, I demonstrate the accuracy of the 
hXRF. After calibration, I investigate the effect of sample surface presentation on data 
quality. While collecting data on a rough surface does not provide the accuracy afforded 
by collecting data on a sawed sample surface, even this rough data is accurate enough to 
investigate basic chemical composition of an unknown sample. I then apply the hXRF to 
a suite of lunar samples to evaluate the utility of deploying the instrument on 
extraterrestrial samples. I argue that this instrument provides a valuable way to provide 
crews with increased awareness of a target area and, should the hXRF be included on a 
future planetary surface mission, it would be an excellent way to high-grade samples for 
return to Earth. 
 The lessons learned from this dissertation have implications for paving the way 
forward in planetary surface exploration. 
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 APPENDICES A-E 
APPENDIX A  
VOLUME DIFFUSION PARAMETERS USED FOR THRESHOLD CURVES IN 
FIGURE 2.1 
Volume Diffusion Parameters Used for Threshold Curves in Figure 2.1 
     
Chronometer Do (m2/s) E (kJ/mol) a (µm) Source 
     
1. Zircon U-Pb 7.8 x 10-3 544 50 Cherniak 
and 
Watson 
(2001) 
2. Titanite U-Pb 1.1 x 10-4 331 250 Cherniak 
(1993) 
3. Muscovite 40Ar/39Ar 2.3 x 10-4 264 500 Harrison et 
al. (2009) 
4. Biotite 40Ar/39Ar 7.5 x 10-6 197 500 Harrison et 
al. (1985) 
5. Plagioclase 40Ar/39Ar 7.2 x 10-6 161 250 Cassata et 
al. (2009) 
6. K-feldspar 40Ar/39Ar 9.8 x 10-7 184 10 Foland 
(1994) 
7. Zircon (U-Th)/He 4.6 x 10-5 167 50 Reiners et 
al. (2004) 
8. Titanite (U-Th)/He 5.9 x 10-3 188 250 Reiners 
and Farley 
(1999) 
9. Apatite (U-Th)/He 9.0 x 10-3 142 50 van Soest 
et al. 
(2011) 
     
Parameters Do and E refer to the pre-exponential constant and the activation energy, 
respectively, in the familiar Arrhenius relationship that describes the temperature 
dependence of the diffusion coefficient (D): D = Do exp (-E/RT), where R is the gas 
constant and T is temperature. The effective diffusion dimension for a mineral (a) is 
estimated based on empirical observations of grain sizes in impact breccias, except for 
the 10 µm value estimated for K-feldspars from the Lappajärvi impact structure in 
Finland (Schmieder and Jourdan, 2013). 
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 Table S2 Legend: 
a Absolute measured 4He, 238U, and 232Th concentrations are used to calculate the ‘Raw 
Age’ that is uncorrected for the effects of 4He loss due to alpha particle recoil. 
b The propagated 1σ and 2σ analytical errors. 
c The ‘Raw Age’ was calculated with an iterative approach to solving the age equation. 
d R1 and R2 describe the perpendicular half widths of the zircon  
e L describes the total length of the zircon crystal, and  
f T1 and T2 describe the height of the pyramidal terminations of the zircon crystals. 
g β represents the surface area to volume ratio for the crystal. 
h The mean FT correction was calculated following procedures defined for zircon. A 
bipyramidal prism geometry was assumed for all calculations (Hourigan et al., 2005). 
i The FT corrected age of the crystal. The FT correction was applied to the raw age 
following procedures defined by (Farley et al., 1996).  
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 APPENDIX C  
EXPLANATION OF THERMAL MODELING 
 
The present study relies heavily upon the Watson and Cherniak (2013) treatment of 
diffusion in response to heating, which was aimed mainly at thermal events having 
"tectonic" timescales.  Given the brevity of thermal events that characterize impacts, it is 
important to assess the accuracy of W-C equation no. 27 (for parabolic T-t events) for 
estimating fractional losses for brief, parabolic T-t pulses.  The only way to perform this 
evaluation is to compare results of W-C equation 27 with those given by a numerical 
algorithm that is demonstrably robust.  Watson and Cherniak (2013) described a simple 
finite-difference algorithm for simulating diffusion in a sphere that reproduces analytical 
expressions with an error in the fractional loss (F) of less than 1 part in 5,000 for F>0.01 
(this lower limit can be reduced as needed by adjusting the near-surface node spacing).  
Analytical solutions for diffusion in a sphere generally involve a time-invariant 
diffusivity (Crank, 1975, p. 91; Fechtig and Kalbitzer, 1966), so it is key to the current 
discussion that the fractional diffusive loss (F) depends uniquely and solely upon the 
value of the integral quantity ∫
=
t
t
dttD
a
0
2 )(
1 , where a is the sphere radius, D is the diffusivity, 
and t is time.  If D is constant, this integral is simply Dt/a2, so the performance of a 
numerical algorithm that accommodates a time-varying D can be tested by determining 
how well it reproduces the expected relationship between F and the time-integrated 
diffusivity when D = f(t).  Watson and Cherniak (2013) showed that their numerical 
algorithm reproduces the expected relationship very accurately for dT/dt as large as 
2000°/Myr with an activation energy as large as 800 kJ/mol (see their Figure 2), but they 
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 did not consider steeper T-t paths.  This was done in the present study for heating rates as 
high as 1000°/s.  Using appropriately small time-steps in the numerical simulations, 
excellent agreement was again achieved with the F vs. Dt/a2 relation given by the 
analytical expressions for diffusion in a sphere.  Added validation of the accuracy of the 
W-C numerical scheme was achieved by reproducing expected radial diffusive-loss 
profiles with a high degree of accuracy, and by demonstrating conservation of mass⎯i.e., 
confirming that the time-integrated flux from the surface of the sphere is identical to the 
difference between the amount initially present and the quantity remaining after the 
diffusion event (Watson and Cherniak, 2013). 
Having established the robustness of the Watson-Cherniak numerical approach for 
rapidly-changing D, we compared the results of full numerical simulations of diffusive 
loss with estimates from the simple analytical approximation of Watson and Cherniak 
(2013).  Because diffusion of helium in zircon is central to the present study, we used the 
best-estimate diffusion law of Reiners et al. (2004) for He diffusion in zircon: D0 = 4.6E-
5; Ea = 169 kJ/mol.  We ran simulations of He loss from a zircon crystal of 50 mm radius 
for parabolic T-t paths characterized by a wide range in Tmax and with t ranging from 3 
seconds to 106 years.  These parameters encompass the range of brief thermal pulses 
relevant to the present study.  The results are shown in Figure S1 as a series of panels 
comparing the results of full numerical simulations with estimates from Watson and 
Cherniak's equation 27.  Values of F from the two approaches compare favorably 
(generally within 2-3% relative) over most of the vast range in t explored, with 
significant deviations occurring only for nearly instantaneous thermal pulses of 3~30 s 
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 (even for T-t pulses of a few seconds, the difference in F computed numerically and from 
the analytical approximation is ~15% relative at most). 
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 Table Legend: 
 
a Absolute measured 4He, 238U, and 232Th concentrations are used to calculate the ‘Raw 
Age’ that is uncorrected for the effects of 4He loss due to alpha particle recoil. 
b The propagated 1σ and 2σ analytical errors. 
c The ‘Raw Age’ was calculated with an iterative approach to solving the age equation. 
d R1 and R2 describe the perpendicular half-widths of the zircon crystal, 
e L describes the total length of the zircon crystal, and 
f T1 and T2 describe the height of the pyramidal terminations of the zircon crystals. 
g β represents the surface area to volume ratio for the crystal. 
h The mean FT correction was calculated following procedures defined for zircon. A 
bipyramidal prism geometry was assumed for all calculations [Hourigan et al., 2005]. 
I The FT corrected age of the crystal. The FT correction was applied to the raw age 
following procedures defined by Farley et al. [1996]. 
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 APPENDIX E 
MISTASTIN 40AR/39AR DATA TABLES 
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